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The waterproofing of soil-cement containing large amounts of 
clay by the use of cellulose derivatives was the principal goal of 
this investigation. A secondary goal was to define the polymer pro­
perties that are most important in the stabilization and water­
proofing of clay soils.
Four classes of cellulose derivatives were investigated. These 
classes were ionic and non-ionic water-soluble cellulose derivatives, 
and ionic and non-ionic alkali-soluble cellulose derivatives. The 
alkali-soluble derivatives were synthesized in the laboratory.
One silty-clay soil was used in all the experimental work. 
Cylindrical samples of soil, portland cement, and polymer were 
molded by double-end static compaction and cured for 28 days in 100% 
humidity. The unconfined compressive strength, modulus of elasti­
city, density, and weight and length increase in 100% humidity were 
the dependent variables.
Waterproofing of soil-cement was achieved with water-soluble 
cellulose derivatives at concentrations as low as 1% by weight of the 
soil. However non-ionic cellulose derivatives remained water-soluble 
after mixing with the soil so that soil-cement containing these poly­
mers slowly disintegrated when immersed in water. Ionic cellulose 
derivatives were not water-soluble after reacting with the soil, but 
their presence reduced the strength of the soil-cement composite. 
Results from soil-cement containing various ionic cellulose deriva­
tives and poly(acrylic acid) showed a progressive reduction in 
strength at higher concentrations of carboxylic acid groups in the 
soil. The carboxylic acid groups were apparently interferring with
Che cement hydration by cotnplexlng with calcium ions liberated 
during the hydration reaction.
Alkali-soluble cellulose derivatives with low degrees of substi­
tution of carboxymethyl were tested as waterproofing agents for soil- 
cement. Hydroxyethyl groups were added to the alkali-soluble cellu­
lose to increase its solubility because it was found that decreasing 
the hydrogen bonding capacity of the polymer reduced both the dry 
strength and the wet strength of soil-cement.
A fractional factorial experimental analysis of soil-cement con­
taining alkali-soluble cellulose derivatives was conducted. A statis­
tical analysis of the data indicated that the wet and dry strengths 
would be increased at low polymer concentrations and at high mixing 
times. The polymer properties predicted to increase the dry strength 
were a very low degree of substitution of carboxymethyl, a low mole­
cular weight, and high alkali-solubility. The polymer properties 
predicted to increase the immersed strength, where waterproofing is 
important, were a moderate degree of substitution of carboxymethyl, 
high molecular weight, and low alkali-solubility.
Compared at maximum densities, the dry strength of soil-cement 
(256 psi) was increased approximately four-fold by the addition of 
0.5% of either a non-ionic cellulose derivative or a low degree of 
substitution alkali-soluble cellulose derivative. The wet strength 
was increased from zero to more than 600 psi in several instances by
the addition of small amounts of cellulose derivatives.
/
Compared at moisture contents of from 2-4% wetter than optimum 
the dry and wet strengths of soil-cement were not improved by the 
addition of cellulose derivatives. However the presence of cellulose
xi
derivatives did improve the strength of soil-cement that had been 
dried prior to immersion. The increased resiliency imparted to the 
soil-cement by the polymers prevented large scale disruption of the 
sample structure by volume changes due to moisture changes.
Maximum strength was not developed in soil-cement-polymer compo­
sites at maximum density, but at molding water contents 2-4% wetter 
than the amount necessary for maximum density. At a constant molding 
water content the dry strength of soil-cement was reduced by 
increasing the amount of polymer in the soil. This indicated that 
the hygroscopic cellulose derivatives were competing with the cement 
for the moisture in the soil. The less hygroscopic alkali-soluble 
cellulose derivatives developed higher dry strengths in soil-cement 
than water-soluble cellulose derivatives. However alkali-soluble 
cellulose derivatives were not as effective in waterproofing soil- 
cement as water-soluble cellulose derivatives so that the wet 





The rapid increase in the demand for low cost structural 
materials has placed added emphasis on the development of the 
science of soil stabilization. Soil stablization, in its 
broadest sense, includes every physical, chemical, and physico­
chemical method employed to make a soil serve better its in­
tended engineering purpose, (l)*The major established uses of 
soil stabilization include: 1, providing bases for roads,
airport runways, and buildings in areas where shortages of aggre­
gate exist or where it is not economically available, 2, for 
military and other emergencies where areas capable of supporting 
a load must be created or existing areas repaired quickly, and 
3» the stabilization of slopes in cuts and embankments. Two 
examples of the many new applications of soil stabilization is 
the use of soil-asphalt building blocks to replace conventional 
masonry products and a technique for holding moisture in the soil 
where it can be used by plants. (2)
Most methods of soil stabilization are physico-chemical in 
that some chemical is added to the soil and the mixture is then 
physically densified. The most successful of the chemical addi­
tives, from both the physical and economic viewpoint, has been 
Portland cement, A mixture of portland cement, soil, and water
*References given at the end of each chapter.
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tightly compacted and allowed to harden is known as "soil- 
cement11 . (3) Usually soil-cement contains between five and
fifteen percent cement by weight depending on the type of soil 
being stabilized.
While portland cement in many instances will successfully 
stabilize a soil, cohesive or clay soils are "problem soils" in 
that they are highly susceptible to the effects of moisture. 
Highly plastic clay soils may expand on wetting and contract 
on drying so that the soil-cement hydration lattice is disrupted, 
reducing the strength and durability of the stabilized soil. To 
overcome these problems either more cement has to be added to the 
clay soil or more favorable soil is used in its stead.
Many soils considered unsuitable for soil-cement could be 
utilized if the water sensitivity of soil-cement containing clay 
could be reduced so that it would retain its high strength even 
in the presence of saturating amounts of water. The use of cellu- 
losic materials for this purpose would be desirable because of 
their abundance and wide distribution in nature. The dual purpose 
of the research described in this dissertation was to investigate 
the use of cellulose derivatives for the stabilization of high 
clay content soils and to study the polymer properties important 
in soil stabilization.
3
B. Soil - General
Soil may be defined in a number of ways. To an engineer it 
is "...a heterogeneous accumulation of uncemented, or loosely 
cemented, mineral grains enclosing voids of varying sizes,"
On the other hand an agriculturist might define soil in terms of 
its ability to hold dead and living plant and animal material, 
water, and gases in variable proportions. Any definition of soil 
is by nature non-specific since soils are so diverse in character, 
ranging from the sticky, highly plastic clays to the coarse sands 
with many gradations in between,
Soil Classification
The type of soil being stabilized is a very important variable 
in soil stabilization. To provide a basis for comparison of 
different soil types and stabilizing methods a system for identify­
ing soils is necessary. A soil classification system has been 
established by the Department of Agriculture in which soils are 
divided into six general groups according to the particle size,
(5) The relative percentages of the six major soil types are 
determined by mechanical analysis. For the larger particles 
mechanical analysis consists of measuring the amount of soil 
retained on standard sieves with successively smaller openings.
The clay and colloid fractions must be obtained by hydrometer 
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Figure I-lt Si&e Requirements for Major Soil Types
Once the percentages of sand, silt, and clay .are known, the 
soil can be classified by name. A partial name classification 
is given in Table 1-1,
Table 1-1 
Name Classification of Soils
Classification $ Sand $ Silt i> Clay
Heavy clay 0-35 0-35 85-100
Silty clay 0-20 50-70 30-50
Silt 0-20 80-100 0-20
Clay loam 20-50 20-50 20-30
Loam 30-50 30-50 0-20
Sandy clay 50-70 0-20 30-50
Sand 80-100 0-20 0-20
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A soil classification system developed by the American Associa­
tion of State Highway Officials (AASHO) is based on the soil particle 
size and the physical characteristics of the soil called the 
’•Atterberg limits1'. The Atterberg limits, named for the originator 
of the test procedures, are simple tests that give a quantitative 
measure of the composite effects of all the basic properties of a 
soil. The two tests most commonly used are the plastic limit and 
the liquid limit. The plastic limit is the moisture content at 
which a soil changes from a semi-solid to a plastic state. The 
liquid limit is the moisture content at which a soil passes from 
a plastic to a liquid state. The interval between the plastic limit 
and the liquid limit is known as the plasticity index. High 
plasticity indices and liquid limits indicate clay soils with low 
load-bearing capacity.
The AASHO classification divides soils into seven basic groups, 
A-l through A-7, according to suitability for use in road subgrades 
as determined by ‘the particle size analysis and Atterberg limits.
The A-l soils serve best in subgrades while the A-7 soils perform 
the poorest. Each basic group is subdivided into twenty-one sub­
groups, 0-20, again according to load-carrying capacity. The zero 
subgroup has the highest strength while subgroup 20 has the lowest 
strength.
Soil Structural Strength
It is necessary to understand the sources of soil strength 
in order to stabilize a soil most effectively. The load-supporting 
capacity of a soil depends upon its internal friction and cohesion.
6
Internal friction is the resistance to sliding and depends on the 
size and shape of tho soil particles. In granular soils with 
large particles touching and interlocking with each other the 
internal friction is high and its strength is relatively inde­
pendent of the moisture content. Clays, with no large particles, 
have low internal friction which decreases with increasing moisture 
content since the soil grains can slide more easily when lubricated 
with water. Because clay particles have a large affinity for 
water, when in contact with moisture clays tend to adsorb water and 
lose their strength.
Cohesion is the mutual attraction of particles due to 
molecular forces and varies with the soil's moisture content.
Water molecules immediately adjacent to the soil surface are 
oriented so that polar bonds are developed between unbalanced sur­
face charges on the soil surface and the water molecules, A 
tightly held film of water is formed around the soil particles 
and the cohesive forces act through this film. The cohesive 
forces developed between soil particles depend upon the surface 
area covered by the water film. Clays, because of their high 
surface area to mass ratio, are capable of developing much higher 
cohesive forces than other types of soil.
The shear resistance of a cohesive soil is expressed by» 
s = Pjj tan 0 + c
wheret Pjj = effective normal pressure
tan 0 = coefficient of internal friction 
c ~ cohesion
7
Cohesive soils will support very heavy loads so long as excess 
water is not present. The strength from internal friction is 
greatly reduced as the water film, acting as a lubricant, is in­
creased, However, the cohesive forces are destroyed if the clay 
particles are completely prevented from forming these water films, 
as for example by covering the entire surface with a water proof­
ing agent. Theoretically the most attractive method of achieving 
maximum shear resistance in cohesive soils is to develop the 
water-induced cohesion of the soil as much as possible while 
maintaining high internal friction. Water-proofing the soil to 
prevont entry of additional water would then preserve the high 
strength.
The internal friction and eohosion are greatly affected by 
a soil's degree of compaction or density. For this reason com­
paction of soil is a very important step in its stabilization.
To insure that the density in a stabilized soil is at a maximum, 
a plot of the moisture content versus density for a given compac- 
tive effort is obtained. Samples are then molded at maximum 
density which is a reproducible index on which to compare samples.
Soil - Chemistry
The chemistry of soil is essentially a study of the clay 
fraction since this is by far the most reactive part of a soil. 
Since different types of clay are usually found together, the 
chemical properties of a soil will be determined by the physico­
chemical characteristics of the various clay minerals present and 
their relative proportions in the soil, (?) Therefore not only
8
the. total amount of clay, but also the types of clay in a soil 
will affect its response to stabilization techniques.
Two types of ionic coordination groups are basic to the 
design of clay minerals. In the first a silicon ion lies equi­
distant from four oxygen ions, forming a tetrahedral sheet. The 
second group consists of anAl, Fe, or Mg ion surrounded by six 
equally spaced oxygen ions, forming an octahedral sheet. Pauling 
in 1930 deduced that the clay structures consist of different com­
binations of these two general structural units. (8) For example, 
the expansible clay montmorillonite has one tetrahedral silica 
sheet attached to each side of an octahedral hydroxyl sheet giving 
a 2:1 crystal structure. The sheets are loosely held together by 
weak oxygen linkages so that the spacing of the layers is variable 
with the species of exchangeable cation and degree of interlayer 
solvation. In contrast, kaolinite, a non-expansiblo clay, has a 
1:1 crystal structure with strong hydrogen bonding between the 
layers to prevent expansion in water.
Since total surface area affects the chemical activity, the 
expansible clays, with a large amount of internal surface area, 
are the most reactive of the clays. Because of their limited 
internal surface area, non-expansive clays are relatively inert. 
Clay particles are usually charged electronegatively as a 
result of the adsorption of an excess of anions or of an unbalance 
in the atomic charges in the crystal lattice. To balance the 
negative charges the particles adsorb cations. These adsorbed 
cations may be replaced with other cations of higher replacing
9
A. Silicon Tetrahedron Sheet * *on
O  0 Ion
B. Octahedral Hydroxyl Sheet




Layer Silicates Ionic Coordination Groups
10
power. This property of cation adsorption and exchange by clay 
minerals is responsible for the chemical reactions that take place 
between clay particles and certain organic compounds. Organic 
cations are adsorbed on the clay surface by direct ion exchange, 
Negatively charged organic anions and polyanions are not adsorbed 
directly but are linked to the clay surface through polyvalent 
inorganic cations and ionized carboxyl groups to give clay-M-OOCR 
ionic linkages, (9) These inorganic cations can be exchangeable 
cations or constituents of the clay lattice.
In addition to ionic bonds between organic matter and clays, 
polar compounds and non-ionic compounds form C-H»»*0 (clay) bonds. 
The different types of clay found in soils vary greatly in ion- 
exchange capacity, while the hydrogen-bonding capacity of a clay 
is a function only of the surface area. Based on this principle 
a technique for determining total surface area of the clay frac­
tion was developed by Heilman, Carter, and Gonzalez (1) in which 
the soil is saturated with a highly polar compound, such as 
ethylene glycol, and equilibrated in an evacuated desiccator until 
a constant weight is attained. The strength of the hydrogen-bonas 
formed between polar compounds and the clay surface is such that 
the entire clay surface remains covered with a monolayer of 
ethylene glycol even at very low pressures.
In a similar manner hydrogen bonds would be formed between 
polar groups attached to a polymer chain and the clay surface. 
While secondary bonds are weaker than ionic bonds, the extensive 
surface area of clay particles and the large number of secondary 
bonding sites that may be present on a polymer chain make possible 
the formation of very strong adsorption forces between polymers and 
the soil. Thus the bonding strength between polymers and soil is 
dependent on both the ionic and secondary bonds developed.
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C, Cellulose
Cellulose has long been one of the most abundant and versa­
tile raw materials man possesses* Being a natural polymer, cellulose 
has found extensive application in the fields of fibers and struc­
tural materials. However of the vast amount of cellulose produced 
each year by photosynthesis only a small fraction is used so that 
new applications for cellulose are needed and welcomed*
Cellulose is a high-molecular weight linear polymer made up 
of anhydroglucose units connocted in the 1,4-position with a 
beta-linkage, (1) The chemical properties of cellulose result 
from the primary and secondary hydroxyl groups which exist on each 
unit of the polymer chain, While cellulose reactions are similar 
to those of low molecular weight alcohols, the physical form of 
cellulose complicates the reactions.
Cellulose is usually found in the presence of other materials 
that may have to be romoved. Even after purification the highly 
crystalline structure of cellulose resists the penetration of 
reactants to the reactive sites. Although swelling agents, such 
as sodium hydroxide, can be used to facilitate penetration of the 
reactants, the problems of polymer degradation and non-uniform 
substitution of the reactive sites then must be solved. Clearly 
cellulose reactions are much more complex than just the chemistry 
would indicate,
A more detailed explanation of the physical nature of 
cellulose and the problems that arise in chemically modifying cellu­
lose are given by Dunlap (12) and Rousseau (13), Also several
good text books (14, 15) are available that describe the chemistry 
of cellulose.
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Natural cellulose has regions of high crystallinity due to 
strong hydrogen bonding that is developed between hydroxyl groups 
of adjacent polymer chains. These interchain forces reduce the 
molecular freedom and prevent the polymer chains from being separated 
by solvents, such as water, that would dissolve similar low molecule 
weight compounds. By disrupting the crystalline structure of the 
polymer molecules, certain solvents can either swell or dissolve 
cellulose. The crystallinity can be reduced by replacing some of 
the hydrogens on the hydroxyl groups with more bulky groups that 
wedge the polymer chains apart so that the remaining hydroxyls are 
availablo for hydration. For example carboxymethyl cellulose (CMC) 
with a degree of substitution of 0,05 to 0,2 is soluble in 2 to 1 
aqueous sodium hydroxide. However enough crystallinity is retained 
so that it remains water insoluble. As the D.S, is increased to 
0,3 the crystallinity is reduced to the point that the CMC is
i
water soluble.
Although a tremendous amount of research has been and is 
being conducted on cellulose and cellulose products, most of the 
polymers studied have been soluble in either water or organic 
solvents. One relatively unexplored region of cellulose chemistry
i
is in the area of low degree of substitution, alkali-soluble 
cellulose derivatives.
Alkali-soluble cellulose derivatives have not found wide 
spread commercial use even though several patents have been issued 
for use of low D.S, derivatives in filaments, staple, fiber, 
cellophane-like film, sheets, molded articles, tubing, and others.
(16, 17) One rather novel use of alkali-soluble cellulose involves 
making leak-resistant firo hose by partial substitution of the 
cellulose hydroxyls with carboxymethyl or hydroxyethyl groups, (IS) 
The partially substituted fibers swell on exposure to moisture so 
that the fabric is impermeable to water while remaining insoluble. 
This ability of low D.S, cellulose to swell on exposure to moisture 
while remaining insoluble should be an advantage in soil stabili­




While the art of soil stabilization is probably as old as 
man, the science of soil stabilization goes back only a few 
decades* During this tiiae hundreds of chemicals and chemical 
mixtures have been tested as potential stabilizing agents for 
various types of soils. While many of the chemicals tested im­
proved the soil properties to some extent, the most successful 
of these were portland cement and bitumen*
Mainfort (19) found that while portland cement was capable of 
hardening various soils it did not impart appreciable water­
proofing characteristics to the hardened masses, causing them to 
be susceptible to moisture attack. The Inherently low strength 
of plastic soils with excess moisture requires both a cementing type 
of stabiliser and a waterproofer. Portland cement, a good cementing 
agent, lacks the ability to waterproof soils. (20) Bitumen is also 
deficient in that it has insufficient activity to destroy the 
vater-affinity of some soils when used in economical amounts.
Many organic waterproofing materials have been investigated 
in attempting to overcome the susceptibility of certain soils to 
moisture attack. The chief function of waterproofing agents is 
to prevent entry of water into the treated and compacted soil.
Since little or no cementing of soil particles is obtained from 
these chemicals, the strength of the system is not increased.
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Polymeric materials, because they are macromolecules, have 
an advantage over simple organic molecules in that the polymer 
chains can bridge among soil particles, cementing them together. 
Previous work by Elder (21) has shown that polymers containing 
carboxyl groups gave higher compressive strengths than simple 
carboxyl acid molecules.
Lambe (22) reported that polymers can have pronounced 
effects on soil properties such as plasticity, permeability, 
strength, and density. By in situ polymerization of calcium 
acrylate in amounts equal to 10$ of the dry soil weight, the com­
pressive strength and flexibility of the soil were increased while 
the permeability was decreased. Several patents (23, 25, 26)
have been issued describing the soil stabilizing properties of 
various acrylic acid derivatives such as calcium acrylate, 
acrylamide, and acrylonitrile in conjunction with various cross- 
linking, copolymerizing, and insolubilizing agents. Soils sta­
bilized with these polymers had high dry strength but lost a large 
percentage of their strength when wet. Another disadvantage was 
the excessive cost of stabilizing soils with these polymers since 
they were effective only at high concentrations.
Since one of the reasons for the water sensitivity of soil 
modified with acrylic acid derivatives was the presence of highly 
polar groups on the polymer chain, other non-polar polymers were
investigated. It was found that while non-reacting, granular 
soils such as sand could be stabilized with polystyrene and other 
non-polar, water insoluble polymers, as the clay content of the
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soil increased, the effectiveness of the polymer treatment de­
creased, (27, 28) In situ condensation polymerization of water 
soluble monomers to remove the water sensitive groups was also 
tried, generally without success, (21, 28)
The use of cellulose derivatives in soil stabilization has 
received little attention, Carboxymeiiyib ellulose (CMC) and methyl 
cellulose have been studied as an aggregate for soils, Packter 
(29) found that CMC can be attached to clay platelets by electro­
static linkages between the negative carboxyl groups and the 
positively charged cations on the clay surface,
Taylor (30) tested various degrees of substitution of CMC 
from 0,32 to 1,28 D.S, in aggregating soil. He found that increas­
ing D.S, increased aggregation with low D.S. having low aggregating 
ability due to poor solubility.
The main objection to the use of cellulose derivatives in 
soil stabilization has been their susceptibility to microbial attack. 
However many instances have been reported in which the adsorption 
of organic matter on clay minerals, especially montmorillonite, 
protected the organic matter from microbial decay for considerable 
lengths of time, (31» 32)
It is well known that the resistance of cellulose derivatives 
to biological degradation is increased above a degree of substitution 
of one, (33» 3*0 Also it has been established that enzymatic 
attack takes place in the amorphous regions of cellulose with the 
crystalline regions being more resistant. These findings indicate 
that steric factors such as substituent groups on each anhydroglucose
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unit or strong hydrogen bonding between cellulose chains may be 
responsible for the resistance to microbial decay. In like manner 
clays that strongly adsorb cellulose derivatives should protect 
the polymer by making it inaccessible to the enzymes.
To recapitulate, of the many and varied chemicals tested, 
portland cement has proven to be the most physically and economi­
cally attractive. However mixtures of cement and clay soils are 
susceptible to moisture attack. While polymeric materials that 
are insensitive to moisture have been developed, only polymers 
containing water sensitive functional groups capable of bonding 
to the soil surface are effective in clay soils.
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E. Proposed Theory
Referring to stabilization of cohesive soils, Mainfort (19) 
stated that "A treatment whereby the excellent bonding properties 
of portland cement could be augmented by water-repellent characteris­
tics would be desirable.” The most desirable water-proofing agent 
wouldj
(1) Contribute to the strength as well as water-proof the 
soil-ceraent.
(2) Retain the high cohesive strength of clays at low moisture 
contents while preventing entry of excess water into the 
system,
(3) Prevent excessive swelling or shrinking of the soil 
structure with moisture changes,
<*) Be used in small amounts and be economical.
The use of polymeric materials rather than simple molecules to 
increase the water-resistant properties of soil-ceraent would have 
the advantage that the polymers themselves would add to the strength 
of the system. Polymers may form primary and/or secondary chemical 
bonds to the surface of the soil, (35) Primary bonds are formed 
by ionic linkages between carboxyl groups on the polymer chain and 
polyvalent cations in the soil. Secondary hydrogen bonding is 
developed between polar groups attached to the polymer and the clay 
surface.
Since primary bonds are stronger than secondary bonds, it 
would appear that a polymer such as acrylic acid with a large number 
of carboxyl groups would give maximum strength. This is not true
20
with soil-cement because carboxylic acid groups form a chemical 
complex with the calcium ions liberated during the cement hydration, 
(36) If too large an amount of calcium ions is adsorbed by the 
polymer the cement will not fully hydrate and the soil-cement will 
be reduced in strength. For this reason polymers that form a 
small number of ionic linkages to the soil-cement hydration lattice 
but have a large amount of secondary bonding to the clay surface 
should give maximum strength.
One of the disadvantages of soil-cement is its brittleness.
The resiliency of soil-cement would be improved by addition of a 
polymer forming only a few primary bonds to the soil structure.
If the polymer were joined too frequently to the soil-cement matrix 
by primary bonds it would be as rigid as the soil-cement and would 
not impart flexibility to the structure. Points of attachment 
between the polymer chain and the soil being further apart trill 
allow more elongation before reaching the ultimate yield point. 
Hydrogen bonds between the polymer and the soil would contribute 
to the strength as would primary bonds. However, they could be 
ruptured without permanent harm since they would reform.
Polymers that swell excessively when in contact with water 
would force the soil particles apart and disrupt the soil-ceraent 
matrix. However a slight amount of swolling, just sufficient to 
fill the pores of the soil, would effectively water-proof the soil 
without robbing the clay of its cohesive strength. Sufficient 
water could enter the system to form the water film around the clay
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particles, but at higher concentrations of water the polymer would 
swell and prevent further influx of moisture. As the soil dried, 
the water stored in the polymer would be slowly released so that 
excessive drying of the soil would also be opposed by the presence 
of polymer. The stabilization of the water content of the soil 
by the polymer would reduce the volume changes that clays undergo 
on wetting and drying. Most of the volume changes in the soil 
during the gain or loss of water would take place in the polymer. 
Since the polymer is not rigidly attached to the soil-cement 
structure, it can adjust to moisture charges without setting up 
stresses throughout the soil structure. If hydrogen bonds are 
broken, they can be reformed so that no permanent damage is done,
A polymer that appears to meet all the requirements for 
successful stabilization of cohesive soils is low degree of sub­
stitution carboxymethyl hydroxyethyl cellulose (CMHEC). The low 
D,S, polymer could be made initially soluble in the soil by add­
ing sodium hydroxide to the molding water. The polymer would 
become insoluble after the caustic is neutralized by the acidic 
clay. The amount of swelling of alkali-soluble CMHEC can be 
varied by changing the D.S, of the substituent groups. Sufficient 
swelling can be obtained to "seal11 the soil without disruption of 
the soil structure,
CMHEC can be "tailor-made" to fit the requirements of a 
specific soil since the number of pendulant carboxyl groups placed 
on the polymer chain to form primary bonds to the soil-cement 
hydration lattice can be varied as needed. If the desired D.S, of
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carboxymethyl groups is below the level required for alkali- 
solubility hydroxyethyl groups could be added without reducing 
the number of hydroxyls on the polymer chain. The large number 
of hydroxyl groups would insure a large amount of secondary bond­
ing between the polymer and the clay surface. Strong hydrogen- 
bonding between the polymer molecules could be developed by proper 
orientation of the polymer chains. Also CKHEC of almost any 
molecular weight range can be prepared, (37)
Another important advantage would be the low cost of CKHEC,
Raw cellulose can be obtained from waste products at less than 3 
cents per pound for crude cotton linters and down to 0,1 cents per 
pound for bagasse, (38) Since the degree of substitution is low, 
the amounts of chemical reagents required to modify the cellulose 
is small. Further savings in purification could be achieved by not 
neutralising the residual sodium hydroxide from the reaction process, 
but using it to make the polymer initially soluble in the soil.
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Chapter II 
Experimental Apparatus and Procedures
A. Experimental Plan
An experimental plan was necessary to study the properties 
of soil-cement that had been stabilized with carboxymethyl hydroxy­
ethyl cellulose (CMHEC) derivative. The first step in for­
mulating this plan was to systematically consider what variables • 
were present in the experiments and which ones were the most 
important. Once the more important variables were decided upon 
the range of values that they would be allowed to have had to be 
established. The variables of lesser importance could then be 
held constant in hopes of removing their influence. However, the 
best values to assign to these secondary variables had to be 
determined.
The variables thought to influence the stability of the 
polymer-soil mixture wore :
1. The degree of substitution (D.S.) of carboxymethyl groups 
on the cellulose molecule,
2. The molar substitution of hydroxyethyl groups on the 
cellulose molecule,
3. The solubility of the polymer in aqueous sodium hydroxide, 
The molecular weight of the polymer,
5. The physical form of the polymer on addition to the soil,
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6. The type of soil being stabilized,
7. The percent cement in the soil,
8. The percent polymer in the soil,
9. The amount of mixing of the polymer and the soil before 
compaction,
10. The percent molding water at which the admixture is 
compacted,
11. The method and time of curing the sample, and
12. The amount of sodium hydroxide in the sample.
The D.S. of carboxymethyl groups, the solubility of the 
polymer in aqueous sodium hydroxide, and the molecular weight were 
considered to be the most important variables. The number of 
carboxymethyl groups determined the number of primary bonds formed 
between the polymer and the soil, while the molecular weight, or 
chain length, governed the ability to bridge among soil particles. 
The caustic solubility was considered important because of its 
affect on the final water solubility and swelling characteristics 
of the polymer.
The percent polymer in the soil and the amount of mixing of 
the polymer and the soil were also considered to be of primary 
importance and were investigated in detail. The percent polymer 
in the soil was limited to less than 5/° because of possible micro­
bial decomposition at higher concentrations. In early experimental 
work with water soluble cellulose derivatives it was observed that 
at polymer concentrations of 5f° and higher there was a tendency for 
a mold type growth to develop on the curing samples. However at
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lower concentrations no growths were noticed. The amount of 
polymer-soil mixing was considered important because of the large 
capacity of the cellulose derivatives for hydrogen bonding. With 
additional mixing the strength of the secondary bonds formed between 
the polymer and the soil surface would be increased because of 
improved orientation of the polymer chains.
The molar substitution (M.S.) of hydroxyethyl groups was 
considered to be of lesser importance than the other polymer vari­
ables. Substitution of hydroxyethyl groups did not reduce the 
amount of hydroxyl groups available for hydrogen bonding, but 
mainly served to increase the solubility of the cellulose deri­
vative, Therefore, the effect of M.S. of hydroxyethyl groups 
would be included in the effect of caustic solubility. The effect 
of the caustic solubility of the polymer would also include the 
effect of the amount of sodium hydroxide added to the soil.
For economical reasons the physical form of the polymer on 
addition to the soil-cement system was first set as a dry powder 
of less than 40-mesh particle size. This method seemed the most 
practical since the polymer could be added to the soil along with 
the Portland cement without the need of any special equipment. 
However, during the experimental work it was decided that adding 
the polymer in solution to the soil-cement should also be inves­
tigated.
The type of soil was eliminated as a variable by conducting 
all the experimental work with one silty-clay soil. The percent 
Portland cement was fixed at 10$ since it was known form preliminary
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results that this amount gave a dry compressive strength of 766 
psi which was sufficient to stabilize the silty-clay. However 
10$ cement was insufficient to protect the soil from the detrimental 
effects of excessive moisture so that all strength was lost after 
immersion in water for forty-eight hours.
The method and time of curing the sample was removed as a 
variable by curing all samples in 100$ relative humidity for 28 
days. The long curing time was considered necessary since it is 
well known that cellulose derivatives retard the hydration of port­
land cement, (1, 2)
The percent molding water at compaction was considered important 
because of its effect on the density of the soil. However, it was 
not necessary to treat it as a variable since data on the effect of 
molding water was generated in determining the maximum density of 
each soil-cement-polymer mixture.
Table II-l lists the variables that were chosen to be closely 
investigated and the variables that were not studied in detail.
The range of variation or the level at which the variables were 
fixed is also indicated.
To study the five variables considered to be most important an 
experimental plan which would provide the necessary information in 
the most efficient manner was desired, A statistical design was 
chosen in which the varifales were changed simultaneously. This plan 
had the advantage that the information from all test samples was 
utilized to support any one conclusion. In contrast, non-statistical 
plans, where the variables are changed one at a time, use only a
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Table II - 1
Variables Influencing the Soil Stabilizing Properties of CMHEC
Primary Variables Range of Variation
1. Degree of substitution of carboxy­
methyl groups on cellulose chain 0 - 0.3
2. Solubility of the polymer in aqueous 
sodium hydroxide 0 - lOg*
3. Intrinsic viscosity of the polymer 
(IM-NaOH) 1.1- 18.0
Amount of polymer in the soil to
5. Amount of polymer-soil mixing 
Secondary Variables
1 - 1 5  minutes
6. Molar substitution of hydroxyethyl 
groups on cellulose chain 0 - 0.7
7. Physical form of the polymer on 
addition to the soil composite
a. Dry powder
b. Solution
8. Soil type Silty-clay
9. Percent portland cement 1 #
10. Percent molding vater
1§-CM1O
LI. Cure time and method 28 days © 
lOOg R.H.
L2. Amount of sodium hydroxide 
in the sample
*Percent NaOH in molding water
o t H & *
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fraction of all the information collected in each evaluation.
A second advantage of statistically planned experiments vas that 
interactions among variables could be evaluated. This was impor­
tant since the effect of one variable upon a response may depend 
upon the level of some other variable.
The basic experimental plan chosen was a central composite 
box design in which each of the five independent variables was 
measured at five levels: 0, t l,t 1,5^67. The central point of
the range of variation of the each variable was 0 and the upper 
and lower values were +1,5^67 and -1,5^67 respectively, A complete 
replication (all possible combinations) of the five variables, each 
at five levels, would require 5^ or 3125 measurements. To reduce 
the amount of experimental work necessary a fractional factorial 
design was selected in which only a fraction of all the possible 
variable■combinations were tested. The specified: runs were selected 
so that the effects of the variables could be evaluated in optimum 
fashion with a minimum number of experiments, (3)
Only two of the five independent variables, percent polymer 
in the soil and mixing time, could be controlled to exactly conform 
with the variable levels called for by the experimental plan. The 
D.S, of carboxymethyl groups, the polymer solubility, and the 
viscosity varied somewhat from the planned levels due to the 
inherent fluctuations present in a batch reaction system,
A schematic representation of the five-factor box design is 
shown in Figure II-l. The value of the variables at each of the 
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The responses to the factorial design that were measured were*
1. The unconfined compressive strength,
2. The modulus of elasticity,
3. The density of the molded sample,
4. The resistance to water absorption, and
5. The resistance to volume change.
These are the properties of a stabilized soil that are commonly 
used as a measure of the effectiveness of a stabilizing agent.
Table n-2
»mt* r̂r*
Variable Levels for Experimental Design
Variables JL _2_ JL k_ JL
D.S. of Carboxymethyl 
groups
0 0,06 0.15 0.2 5 0.3
NaOH Solubility (£)1 0 3.*3 5 8. 10\
• Intrinsic Viscosity l 3.2 9 1^.8 18
% Polymer in Soil 0 0.56 1.5 2.5 3.0
Polymer-soil mixing 
(minutes) 3 5 8.5 10.5 15
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B, Preparation of Cellulose Derivatives 
Polymer Reactor
It vas necessary to prepare the experimental polymers in the
laboratory since carboxymethyl hydroxyethyl cellulose of low degree
of substitution is not commercially available# The cellulose deriva -
tives were made In an all monel scraped-surface reactor(Figure II-2).
*
The reactor was batch-type and had a capacity of 8 1/3 liters. 
Although this reactor was designed for conducting solvent-free 
reactions at high temperature and pressure, it also performs well 
at low temperature and pressure,
Solvent-free cellulose reactions were possible because of the 
excellent mixing achieved in the reactor. Two Teflon coated 
helical blades scraped the surface of the reactor, giving both 
vertical and horizontal mixing. The blades were flush with the 
ends of the reactor, but a discontinuity in the double helical flight 
of the mixing blades caused a separation of approximately one inch 
at the center of the reactor. This allowed the insertion of a 
thermocouple into the churning solids. The pitch of the helical 
blades was in opposition. This meant that the solid reactants were 
either conveyed toward the center of the reactor or toward the ends 
of the reactor depending upon the direction of rotation of the blades, 
The opposed pitch of the blades gave a more balanced load in the 
reactor and prevented the accumulation of the solids in one region.
The speed of the rotating blades could be varied from 0-250 RPM 
and was controlled by a variable drive mechanism on a three-quarter
Figure II-2. Scraped-Surface Reactor
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horsepower motor. The direction of the rotation of the blades 
could be .changed by reversing the drive motor.
To add or remove large amounts of solids from the reactor 
the blind flange forming one end of the reactor was taken off.
If only a small amount of solid was to be removed from the 
reactor, for example to test the polymer's solubility, a £ inch 
sampling plug in the blind flange was used. By use of a 
hydraulic sampling valve, solid samples could be removed from the 
reactor at high pressure without reducing the internal pressure. 
However, this sampling technique was not used since samples were 
taken only at low pressures,
A 400-cc raonel weighing cylinder, fitted with inlet and out­
let valves to control the flow rate, was used to measure the liquid 
reactants into the reactor. Sodium hydroxide was loaded into the 
weighing cylinder by gravity, but ethylene oxide, a gas at room 
temperature, had to be cooled below its condensation temperature 
before loading it into the weight cylinder. The arrangement for 
loading the ethylene oxide into the weighing cylinder is illustrated 
schematically in Figure II-3» The procedure was to first open the 
valve to the ethylene oxide source and allow the required amount 













Loading of Ethylene Oxide Into Weighing Cylinder
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ethylene oxide flow was stopped and the nitrogen line opened to 
pressure the liquid ethylene oxide from the cooling coils into 
the weighing cylinder.
The liquid reactants were pressured from the weighing 
cylinder into the reactor. The liquids were forced through a 
spring-loaded spray nozzle that broke the liquid into a fine mist. 
The outlet of the spray nozzle was oriented in such a manner that . 
the liquid spray was distributed uniformly over the surface of the 
solid cellulose inside the reactor.
An automatic cam-controlled Honeywell temperature recorder 
controller was used to measure and control the reactor temperature. 
The desired reaction temperature was maintained pneumatically by 
regulating control valves on steam and water lines. Any tempera­
ture between the temperature of the water and 150 psig steam could 
be obtained by regulating the amount of steam and water flowing 
through the jacketed reactor. As a safety measure against rapid 
temperature rises, a quick opening valve was installed on the water 
line so that the reactor jacket could quickly be flooded with a 
large volume of water. As a precaution against excessively high 
pressures a blow-out line with a rupture disk set at 883 psig was 
attached to the reactor and vented outside the building.
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Procedure in Polymer Preparation
Unpurified cotton linters were used as the cellulose source 
in the preparation of the cellulose derivatives. Cotton linters 
were chosen because of the ease of preparation, low amount of 
impurities present, high molecular weight, and availability. The 
cotton linters used here were 8616% cellulose by weight on a dry 
basis.♦ The remainder was mostly lignin with some inorganic im­
purities (0.7^ by weight from ignition tests) also present. Other 
cellulosics, such as bagasse, wood pulp, etc,, would be equally 
satisfactory as cellulose sources with only slight modifications 
in the preparation. For example, sawdust that has been finely 
ground and treated with caustic to enhance the cellulose reactivity 
would be another possible cellulose source,
A flow chart for preparing and analyzing the carboxymethyl 
hydroexyethyl cellulose derivatives is given in Figure II-4, The 
preparation sequence followed is described below.
The crude cotton linters were first ground in a Wiley mill 
through a 10-mesh screen to break up any tight lumps that might 
have formed. The •'fluffing" effect of grinding the cotton linters 
increased the distance between fibers giving more uniform distri­
bution and penetration of the reactants into the mass of linters,
A weighed amount of the ground linters was loaded into the 
scraped surface reactor described previously. The air was removed 
from the reactor by drawing a vacuum and then replacing the vacuum




























Flow Chart for Preparation and Characterization of Carboxymethyl Hydroxyethyl Cellulose
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with a nitrogen pad three tines in succession. A pad of nitrogen 
at a pressure of 3-*+ psig was left on the reactor so that if a 
leak occurred, the flow would be out of the reactor instead of 
into it.
Sodium hydroxide was slowly added into the reactor, taking 
15 to 20 minutes for the addition. While the caustic was being 
added the cotton linters were vigorously stirred so that complete 
and uniform mixing took place. The sodium hydroxide reacted with 
the cotton linters to form swollen alkali-cellulose,
Na
44
Cell-OH + NaOH ----- => Cell-OH
M
OH
The swollen alkali-cellulose was much more accessible to reactants 
than natural cellulose due to the disruption of the normally highly 
developed crystalline regions.
The caustic and linters were allowed to react for 2 to 3 hours 
before ethylene oxide was introduced into the reactor. The 
pressure in the reactor increased to 25-30 psig upon addition of 
the gaseous ethylene oxide. The reaction between the gas and the 
cellulose was followed by a fall in pressure as the ethylene oxide 
was used up, A typical pressure-time plot of a reaction is given 
in Figure II-5o The constant pressure period indicates the presence 
of liquid ethylene oxide in tho reactor, while the point where the 
pressure begins to decrease signals the disappearance of the last 
traces of liquid ethylene oxide. The pressure continues to fall 
until all the gaseous oxide is consumed and only the pressure of 




Pressure vs. Time for Reaction 10-10^-1 
(Zero Time = Start of Flow of Ethylene Oxide Into Re&otor)
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The reaction temperature was kept as low as possible through­
out the reaction to reduce the amount of polymer degradation. 
However, even with the reactor jacketed with cooling water, some 
temperature rise usually did occur as shown in Figure II-6.
The reaction between ethylene oxide and alkali-cellulose to 
produce hydroxyethyl cellulose was not limited to the substitution 
of only one ethylene oxide molecule on each cellulose hydroxyl.
The hydroxyl groups formed by the reaction with ethylene oxide can 
further react with additional ethylene oxide in an end to end
«
polymerization so that theoretically there is no limit to the 
amount of molar substitution (M.S.),*
Na 0
/\




Cell-0CH2CH OH + N(CH CHg) »  Cell-0 (CHCHgO) H (II-2B)— — N+l
For this reason the amount of hydroxyethyl substitution is reported 
as an M.S. instead of a D.S.
The efficiency of the reaction between ethylene oxide and 
cellulose was found to be rather low, only about 15-20,3, due to 
side reactions that took place. Ethylene oxide reacted with the 
water present to give ethylene glycol. The ethylene glycol 
could have been further reacted with additional ethylene oxide to 
give the di-, tri-, and higher polyoxyalkylene glycols.
* Molar substitution is, in this case, the average number of 
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CH2CH2  +  HOH — >  HOCHgCHgOH (H -3 A )
A , ,HOOH2CH2OH + H(CH2CH2) — =» K0(CH2CH20)k+1H (H-3B)
When the reaction between the ethylene oxide and the cellulose 
was complete, 100 ml, of an aqueous solution of monochloroacetic 
acid was prepared. The concentration of the solution varied 
depending upon the degree of substitution of carboxymethyl groups 
desired, A reaction efficiency of 50$ was assumed in preparing 
the monochloroacetic acid solutions. The actual reaction effi­
ciency was found to be 35*40$, Although essentially all the 
monochloroacetic acid was consumed in the preparation of the car­
boxymethyl cellulose, less than 100$ reaction efficiency was 
obtained due to side reactions competing for the monochloroacetic 
acid. The principal side reaction was the conversion of the 
monochloroacetic acid to sodium glycolate.
C1CH2C00H + 2 NaOH — 5* HOCH^OONa + NaCl + H20 (11-4)
This side reaction was unavoidable since the presence of sodium 
hydroxide was necessary to form the CMC,
Cell-OH + C1CH2C00H + 2NaOH Cell-0CH2C00Na + NaCl + H20 ( I I - 5 )
The monochloroacetic acid solution was slowly pressured from 
a weighing cylinder into the reactor while the solids were being 
vigorously mixed. The reactor was kept jacketed with cooling 
water and the reaction was allowed to continue with slow mixing for 
4-6 hours, A sample of the polymer was then removed 
from the reactor and its solubility determined. More ethylene 
oxide was added into the reactor if the polymer's solubility was 
below the desired level.
46
In Table II-3 is shown a typical feed charge to the scraped- 
surface reactor for making carboxymethyl hydroxyethyl cellulose.
Table XI-3
Typical Feed Composition for Making 
Carboxymethyl Hydroxyethyl Cellulose




















Water liquid 375 20.8
The neutralized CMHEC was then washed with three rinses of 
a 60$ isopropyl alcohol-water mixture and then one rinse with 
lOOjS isopropyl alcohol, Water-alcohol mixtures were preferred 
over pure water for washing since water tended to swell the 
polymer, making removal of the rinse liquid very difficult. After 
each wash the rinse liquid was removed by centrifuging approximately 
five minutes at 1725 RPM in a screen centrifuge. Most of the prin­
cipal reaction impurities were removed easily by the alcohol- 
water rinses because of their high water and alcohol solubilities 
(Table H-4),
The washed polymer was dried under vacuum at 85°C. for about 
twelve hours. The polymer was then ground in a Wiley mill until 
it passed a 40-mesh screen. Until time for use, the CMHEC powder 
was stored in plastic bags.
Problems were encountered in attempting to use the above 
procedure to make carboxymethyl hydroxyethyl cellulose with a 
very low D.S, of carboxymethyl groups (less than 0,05 D»S.), The 
number of hydroxyethyl groups substituted onto the cellulose had 
to be increased to give the required solubility. This increased 
the swelling or water absorption capacity of the cellulose so that 
when the monochloroacetic acid solution was introduced into the 
reactor it was quickly absorbed and a portion of the cellulose was 
swollen. The mixing of the swollen and the unswollen fibers tended 
to form lumps of solids. As the remainder of the monochloroacetic 
acid solution was added to the reactor it was absorbed by the solid 
lumps, but could not completely penetrate the mass. Since the
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Table II- 4
Water and alcohol solubility of Principal Reaction Impurities in
CMHEC
Reaction Impurity Water Solubility Alcohol Solubility
Sodium chloride V.S.* S I .  s .
Sodium glycolate S. s .
Monochloroacetic acid 
(Sodium salt) V.S. S.
Sodium hydroxide V.S. S.
Ethylene glycol V.S. V.S.
Higher glycols s . s .
Acetic acid V.S. V.S.
Sodium acetate V.S. s .
* V.S, = very soluble 
Sl.S, = slightly soluble 
S, = soluble
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monochloroacetic acid was not being uniformly absorbed, the D.S. 
of the carboxymethyl groups cn the cellulose could not be expected 
to be uniform.
One solution to the non-uniform absorption of the monochloro- 
aeetic acid was to dilute the acid solution until sufficient liquid 
was present to uniformly wet the cellulose fibers. However when 
this was done the carboxymethyl hydroxyethyl cellulose was so 
swollen by the sodium hydroxide present that it was difficult to 
remove the polymer from the reactor and almost impossible to work 
up the product effectively.
A more satisfactory method for achieving uniform substitution 
of carboxymethyl groups on the cellulose without excessive swelling 
of the polymer was developed. In this method, the hydroxyethyl 
cellulose was removed from the reactor, suspended in a 60$ isopropyl 
alcohol-water mixture, and the sodium hydroxide neutralized with 
acetic acid. The liquid was removed from the polymer by centrifuging 
at 1725 RPK for 3-5 minutes and then air drying over night in a 
forced draft hood. The partially substituted cellulose was next 
saturated with an excoss of monochloroacetic acid solution to uni­
formly distribute the monochloroacetic acid throughout the mass of 
fibers. The wet mass was placed in a centrifuge and the excess 
liquid removed by centrifuging at 1?25 RPM for two minutes. This 
gave a solution pick-up of approximately 100$ of the dry weight of 
the fiber. The actual percent liquid pick-up was determined by 
weighing and drying a sample of the damp fiber. Since the amount 
of liquid pick-up was fairly predictable, the D.S, of carboxymethyl
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groups was controlled by varying the concentration of the 
monochloroacetic acid solution.
The damp polymer was again loaded into the scraped surface 
reactor and the air replaced with nitrogen as described earlier,
A small excess of sodium hydroxide over the amount needed to react 
and to neutralize the monochloroacetic acid was added into the 
reactor to catalyze the reaction. The treatment of the polymer 
from this point was identical to the procedure used with the 
higher D.S, polymers.
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C, Analysis of CMHEC Derivatives
Determination of Degree of Substitution of Carboxymethyl Groups 
The acid-wash method of Eyler, Klug, and Kiephuis (5) was 
used for the quantitative determination of degree of substitution 
of carboxymethyl cellulose. Even though more time consuming, this 
method was chosen over other methods since no special equipment was 
needed and impurities in the sample would not interfere with the 
results. The only pieces of equipment needed to use this method 
are an Erlenmeyer flask, filter funnel and flask, and a buret. The 
extensive washing of the sample required by this method removed 
interferring impurities.
Commercial carboxymethyl cellulose with a degree of substi­
tution (D.S.) 0,7 was used to test the procedure. It was found that 
the washing time could be shortened considerably by using hot (80- 
90°C.) alcohol-water washes rather than cold washes. The accuracy 
of this method was found to be satisfactory if care was taken in 
the washing step to remove all the excess acid.
The procedure was as follows:
(1) Conversion of the sodium salt of CMC to the acid form was 
achieved by placing 3-5 grams of the sample in a 250-ml. Erlenmeyer 
flask along with 100 ml, of 7$ nitric acid in methanol. The flask 
was shaken intermittently for 4-5 hours after which the ingredients 
were transferred to a filter funnel where the acid liquor was 
removed by suction.
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(2) The sample was then placed in a Buchner funnel and hot 
70$ alcohol added. The liquid was removed by suction after steep­
ing for about one minute. More hot liquid was added and the CMHEC 
mat was broken up by stirring. The washing was continued in this 
manner until the filtrate was neutral to methyl red indicator,
(3) The sample was dried at 85°C. in a vacuum oven for 12 
hours and then stored in a desiccator over Approximately
1 gram of the washed and dried polymer was weighed by difference
(to four decimal places) into a stoppered 250-ml. Erlenmeyer flask.
Fifteen ml, of 70$ methanol was added to the flask to disperse the
fibers, and then 100 ml, of distilled water was added. Sodium
hydroxide, accurately measured from a buret, was added in excess
of the amount necessary to neutralize the acid groups on the polymer
chain and the solution shaken for 2 to ^ hours. The excess sodium
hydroxide was then back-titrated with standard hydrochloric acid
using phenolphthalein as indicator.
The degree of substitution was calculated by*
D .S . g  0,l62x_______  ( n - 6 )
1 - 0.058x
where x = (ml. of NaOH) (normality) - (ml. of HC1) (normality)
grams of sample
The constants are derived from the molecular weight of the
anhydroglucose unit of cellulose (162) and the net increase in the
weight of the anhydroglucose unit for each carboxymethyl group
(molecular weight 58) substituted. The D.S, of polymers containing
very few carboxymethyl groups (0.05 to 0,003) was calculated from
the amount of monochloroacetic acid added and the average reaction 
efficiency (38$).
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Determination of Degree of Substitution of Hydroxyethyl Groups
The analysis for hydroxyethyl groups was done in the analyti­
cal laboratories of the Dow Chemical Company, Plaquemine, Louisiana, 
The classical method of analysis was used in which the hydroxyethyl 
derivative was reacted with boiling hydriodic acid, (6) The 
hydroxyethyl ether groups were split from the cellulose chain and 
converted quantitatively into ethyl iodide and ethylene,
Cell-0CH2CH20H + HI — >  CH2=CH2 + CH^CHgl + Cell-I + 2H2<3
(II—7)
The quantities of ethyl iodide and ethylene given off were trapped 
in a sampling loop submerged in liquid nitrogen and measured by 
gas-liquid chromatography. The weight percent of hydroxyethyl 
groups was calculated from the areas of the ethylene and ethyl 
iodide peaks,
#CH2CH20H - (Area of CH^CHgl peak) (A^ + (area of CH2 peak)(A2)
weight of sample
x 100 (H-8)
where A^ = calibration constant for ethyl iodide, and 
A2 = calibrations constant for ethylene.
Viscosity Measurements
The relative molecular weight of each of the cellulose deriva­
tives was estimated by measuring the intrinsic viscosity of the 
polymer solutions. The absolute molecular weight was not determined 
since the relationship between viscosity and molecular weight is 
empirical and not enough data was available to establish the rela­
tionship.
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A Brookfield cone-plate viscometer equipped -with a jacketed 
sample cup was used to measure the polymer viscosities.
All viscosity measurements were taken at a sodium hydroxide 
concentration of 4# to allow comparison of polymer viscosities, 
Comparsion at one sodium hydroxide concentration was necessary 
since the polymer viscosity is dependent upon the concentration 
of electrolyte in the solution, A low caustic concentration was 
chosen to prevent possible damage to the Brookfield cone-plate 
viscometer. The viscometer was constructed of stainless steel 
known to be resistent to dilute sodium hydroxide. Although some 
polymers were not as completely soluble in as higher percent 
caustic, all were sufficiently soluble to at least partially go 
into solution.
The first step in the preparation of the polymer solutions was 
to dry the polymer in a vacuum oven at 85°C, for 12 hours and then 
store over until cool. Approximately 1/2 gram of the dry 
polymer was accurately weigh ed to four decimal places and placed, 
with 50 ml* of four percent sodium hydroxide, in a 60 ml, test tube. 
The test tube, tightly closed to prevent oxygen from entering, was 
cooled in an ice-water bath to prevent degradation of the cellulose 
derivative while the polymer went into solution,
After the polymer had become highly swollen, the chilled solu­
tion was vigorously shaken by hand until all the polymer appeared 
to be in solution. The solution was then centrifuged for 5 minutes 
at 2500 r.p.m. to remove any insoluble matter from suspension. The
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percent insoluble matter was determined by carefully decanting the 
liquid without disturbing the sediment and weighing the dried 
insoluble precipitate.
The procedure for measuring the viscosity of the polymer 
solutions with the Brookfield cone-plate viscometer was as followsi
1. The water linos were connected from the jacketed sample 
cup to the constant temperature bath set at 25°C,+ 0,1°,
2. One and one-half milliliters of solution was introduced 
into the sample cup and it was locked into position,
3. One minute was allowed for the solution temperature to 
reach equilibrium. The motor was switched on and a speed was 
selected which gave the highest on-scale torque reading,
h. Three or four revolutions of the cone were allowed for 
oscillations to die out and then the torque was recorded,
5. Torque readings were recorded at several shear rates if 
desired,
6, The concentration of the polymer solution was lowered by 
dilution and steps 1 through 5 repeated,
Tho working equations for the cone-plate viscometer werei
where; T = Shear stress
R = Scale reading, percent of full scale torque
f = Correction factor
A  = Shear rate 
N = RPM
T = 22,90 (R - f) 






One© the viscosity of the various polymer solutions was calcu­
lated, the specific viscosity, N , of the polymer solutions wassp
obtained by:
Ngp = N-N0 (11-11)
where N = solution viscosity 
Nc = solvent viscosity 
The intrinsic viscosity is an inherent characteristic property 





where C is the concentration of the polymer solution.
The intrinsic viscosity can be calculated using Martin's expression:
1,1 ̂ sg = in B Q  + K [N] c (H-13)
c
where K = the Martin constant.
A more convenient way to determine the intrinsic viscosity is to 
plot H-p/ vs, c and extrapolate to zero concentration. The inter­
cept at zero concentration is In Qi] while the slope is K £n] . 
Solubility Determination
The solubility of the cellulose derivatives was estimated 
visually by observing the change in fiber content and solution 
viscosity as the concentration of sodium hydroxide in the solvent 
was increased. Usually a rather sharp disappearance of fibers and 
increase in viscosity was noted if th9 change in caustic concentra­
tion was large, for example from 2^ to 5$. However, the changes 
over a small sodium hydroxide concentration range were so gradual 
that interpolation between caustic concentrations was necessary.
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The procedure followed was to measure approximately 0.1 grains 
of polymer into each of four 25 ml. test tubes and add 20 ml, of 
solvent to each test tube. Distilled water was placed in the first 
test tube, 2$ sodium hydroxide in the second, 5$ sodium hydroxide 
in the third, and 10$ sodium hydroxide in the fourth. The samples 
were then shaken and the appearances of the solutions were compared. 
The amount of fibers present and the apparent viscosity of the 
samples were used to estimate the sodium hydroxide concentration 
at which the polymer becomes soluble.
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D. Soli Preparation and Characterisation
Approximately 1000 pounds of a natural sllty-clay soil was 
supplied by the Louisiana Highway Department, This soil was air 
dried and ground until it passed a 40-raesh screen. The soil was 
then uniformly mixed and stored in cloth bags. Before using the 
soil, it was oven-dried at 110°C, for 24 hours.
The soil was characterized by mechanical analysis, physical 
analysis, x-ray diffraction, total surface area, and pH, The 
results of these analyses are given in Table II- 5,.
The mechanical analysis was carried out in two stages. The 
first stage consisted of sifting a weighed amount of oven-dried 
soil successively through standard sieves of decreasing aperture. 
The weight of the material retained on each sieve was measured and 
the percentage of material finer than each mesh size was calculated. 
The second stage was a sedimentation process, known as wet 
analysis, that measures the proportion of particles finer than 200- 
mesh, This analysis is based on Stokes’ Law which relates the rate 
of a particle’s fall through a liquid to its size. The analysis 
consists of measuring with a hydrometer the change in density of 
a soil-water mixture at a particular point in the suspension after 
a fixed time lapse. Using this data the percentage of particles 
less than 200-mesh was calculated.
.The physical analysis included the determination of the liquid 
limit and plastic limit using standard procedures, (7 ) Each of 
the tests were performed three times and the measurements averaged.
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The pH of the soil was measured with a Leeds and Northrup pH 
meter. Three samples of the silty-clay were taken from different 
storage boags and suspended in water. The pH of the suspension was 
taken approximately 5 minutes after mixing and again 24 hours after 
mixing. The three readings were averaged to obtain the soil pH.
The physical characteristics of the experimental soil are given 
in Table II-5.
Table II-5
Physical Characteristics of Experimental Soil
Soil type Silty-clay




Clay and colloids, % 45
.iPercent passing no. 200 sieve 91.1
PH 7.1
Surface area 44 m^/g
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X-ray powder diffraction patterns of the soil were taken with 
the General Electric XRD-5 diffractometer described in Appendix E #
The lattice spacings, d, were determined by Bragg*s law of diffraction.
d = 2 sinO (11-14)
*
where 9 =  the diffraction angle
A = the wavelength of the diffracting x-rays 
While theoretically all the various soil minerals present could be 
identified from the lattice spacings, in practice it was very diffi­
cult to identify any except the major soil minerals. The measured 
d-spacings are given in Appendix E along with the relative intensity 
of each of the diffraction peaks.
The total surface area of the silty-clay soil was determined 
by the glycol retention method as described by Heilman, Carter, and 
Gonzalez (8), The silty-clay was first washed with 1 N, CaCl^ for 
Ca-saturation, The excess CaClg was removed by washing with water 
and the soil was dried and ground to pass a 100-mesh sieve. Three 
identical 1 gram samples of the soil were placed in shallow porcelain 
cups and dried under vacuum at 85°C, The samples were then treated 
with approximately 3-ml* portions of purified ethylene glycol. The 
glycol-soil slurries were allowed to equilibrate for 48 hours before 
placing the samples in a vacuum chamber containing The
samples remained in the vacuum chamber until a constant weight was 
attained. The total surface area for the silty-clay was calculated 
by dividing the grams of ethylene glycol retained per gram of soil 
by 0.00031 g./m.2.
61
E. Holding of Compressive Strength Samples
It was recognized early in the experimental work that to obtain 
reproducible results a detailed procedure for molding the compressive 
strength samples had to be established. Strict adherence to the pro­
cedure was necessary since many factors, such as compactive effort, 
had a pronounced effect on the strength of the samples. Preli­
minary tests were conducted to determine the suitability of various 
procedures. Based on these tests a general procedure for the mold­
ing and testing of the compressive strength samples was established. 
Molding Apparatus
The molding equipment used in making the compressive strength 
samples is shown in Figure II-7» Section A. The cylinder had an 
internal diameter of 2.25 inches and a length of 9,75 inches. Each 
of the pistons were 3 inches long and had an outside diameter of 
2,2k Inches, Two of the pistons were fitted with stops and these 
were used to compress the solids inside the cylinder. The piston 
without a stop was used in removing the molded samples from the 
cylinder,
A Carver hydraulic press was used to mold the samples by 
double-end static compaction. To obtain double-end compaction the 
sample had to be placed in the molding cylinder in such a manner 
that both pistons were free to move, but did not reach the end of 
their stroke during the compression step. This was achieved by 
using a sample loading stand that held the molding cylinder upright 
with the bottom piston in place while the sample was being added,
(See Figure II-7, Section B)
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Molding Cylinder and Pistons
Packing Stand, Pistons, and Cylinder
Figure II-7. Equipment Used in Making
Compress ive Strength Samples
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Molding Procedure
The only variation in the molding procedure was in the method 
of polymer addition to the soil* In one method the polymer was 
added to the soil as a dry powder of less than hO-mesh particle size. 
In the other method of polymer addition the polymer was first dis­
solved in the molding water, which also contained sodium hydroxide, 
and the polymer solution was then added to the soil, A work flow 
chart for the preparation and testing of the compressive strength 
sample is shown in Figure II-8.
The first step in the molding procedure was to weight the 
required amounts of soil, cement, and polymer (if added dry) into 
a one liter plastic jar. The jar was capped and shaken by hand 
for one minute so that the contents were thoroughly mixed. The 
required amounts of water and sodium hydroxide (as a 2 aqueous 
solution) were weighod into a 250 ml, glass beaker and well mixed.
If the polymer was to be dissolved before adding it to the soil, 
it was also weighed into the glass beaker and stirred until it 
went into solution.
The solids and liquids were mixed mechanically by a 1/6 
horsepower Hobart model N-50 mixer at a mixing speed of 60 RFM,
The exact time of mixing was measured with a stopwatch. After 
mixing for one minute the mixer was stopped and the sides of the 
mixing bowl were scraped with a rubber spatula. This was done to 
remove any wet masses of soil or polymer that may have stuck to the 
wall of the mixing bowl. The mixing was then continued for the 







(Moisture Content 6 Moldlng~|
4t Hour Dry! [Weight and Volumo|
Moisture Strength Weight and 48 Hour Dry
Profile And Modulus Volume 48 Hour Soak
Polymer added as dry powder, less than 40-mesh
)'Polymer added in solution
48 Hour Soak£
Cure
Figure H - 8
Flow Chart for Preparation and Testing of Polymer-Soil-Cement Samples
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Immediately after mixing, approximately twenty grams of the 
damp solids were removed from the bulk of the mixture, weighed, and 
then dried for 2h hours at 135°C. Prom the loss of weight on dry­
ing the percent molding water was calculated. Duo to evaporation 
during mixing it was necessary to determine the percent molding 
water immediately before compaction even though the exact amount 
of water added to the soil was known.
The molding cylinder, with the bottom piston in place, was 
positioned in the sample loading stand. About 1/3 of the sample 
was transferred from the mixing bowl to the cylinder and was lightly
packed with a tamper rod. This procedure for adding the first one-
third of the mixture to the cylinder was repeated for each of the 
remaining two thirds. After all the sample had been placed in the 
molding cylinder the top piston was placed in position and the 
assembled apparatus placed in a hydraulic press. The pressure 
was increased to 750 psi (3000 pounds total) and held at that value 
for thirty seconds.
The molding pistons wore then removed and that piston without 
a stop inserted into the bottom end of the cylinder, A hydraulic
ram was used to push the piston through the cylinder, forcing the
sample from the mold. The ejected sample was labeled for identi­
fication and the weight and length measured before placing it in 
the 100$ relative humidity room to cure for 28 days.
Testing Methods
The weight and length of the cured samples were measured and 
the samples subjected to one of three weathering methods, each 
selected to provide information on the stability of the samples
under conditions similar to field conditions. The three methods 
of weathering were called forty-eight hour dry, forty-eight hour 
wet, and forty-eight hour dry-forty-eight hour wet. The forty-eight 
hour dry method consisted of removing a sample from the 100$ rela­
tive humidity room and placing it in an air-conditioned laboratory 
for 1*8 hours before testing. In the forty-eight hour wet method 
the sample was immersed in water for 1*8 hours prior to testing.
The forty-eight hour dry-forty-eight hour wet method was a combi­
nation of the two other methods in that the sample was first dried 
at ambient conditions for 1*8 hours and then immersed for 1*8 hours 
before testing.
The weight and length of each sample was again measured after 
the weathering period. The unconfined compressive strength of the 
samples was next measured with a Tinius Olsen compression-tester.
By using a strain gauge to measure the strain at various applied 
stresses, the modulus of the samples were determined. All of the 
samples wore tested at a compression rate of 0,015 in,/min, until 
sample failure.
Other tests, such as moisture profile, were performed on 
selected samples and the procedures used in these tests will be 
discussed in the experimental results chapter.
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Chapter H I  
EXPERIMENTAL RESULTS
A. General Discussion
The dual purpose of this research, as stated in the intro­
duction, was to investigate the use of cellulose derivatives for 
the stabilization of clay soils and to study the polymer properties 
important in soil stabilization. During the early stages consi­
derable effort was expended investigating acrylic acid and sodium 
acrylate polymers. Although these polymers are not of prime 
interest, the results of this work are included because of the 
information gained concerning the polymer properties that are 
important in soil stabilization.
The study of cellulose derivatives as soil stabilizing 
agents is divided into two categories: water-soluble cellulose
derivatives, and alkali-soluble cellulose derivatives, Differen- 
tation between the two categories was not always easy since no 
clear line of demarcation exists on one side of which the deriva­
tive is water-soluble and on the other side of which it is alkali- 
soluble, Compounding the problem is the ability of cellulose 
derivatives to swell extensively in water and yet not to go into 
solution. For the purpose of this work water-soluble cellulose 
derivatives are derivatives that when sufficiently mixed with water 
lose all apparent fiber structure. Alkali-soluble cellulose deri­




B. Standard Soil-Cemeat Samples 
General
Soil-cement samples containing 10% portland cement were used 
as the standard to which other soil-stabilizing admixtures were 
compared. The standard samples contained:
450 grams silty-clay soil 
45 grams portland cement 
63 grams tap water 
All samples were compacted at 750 psi and cured in a 100% relative 
humidity environment for either 7 or 28 days. The amount of water 
added to the samples corresponded to the percent molding water that 
gave samples of maximum density. It was desirable to mold each 
sample at maximum density since it is generally accepted that soil- 
cement of maximum density must be at maximum strength. The moisture- 
density curve for standard soil-cement was determined by compacting 
rsamples with various amounts of molding water and drying the freshly 
molded samples in an oven at 110° C. until a constant weight was 
attained. The density was then calculated from the dry weight 
and measured volume of the samples. The strengths of these samples 
were not measured since the oven-drying disrupts the normal cement
hydration reaction. The optimum moisture content was read from the
\
curve as the percent water giving maximum density.
Sample Reproducibility
To test the reproducibility of the molding procedure, four 
standard soil-cement samples were molded at maximum density and 
cured for 7 days in 100% relative humidity. The unconfined
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‘ Table III-l 













compressive strengths of the samples, at a test rate of 0.15 inches
per minute, were:





It was noticed before the compression testing that the ends of the 
samples were swollen and cracked around the outer edges , The swelling 
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Top View of 
Swollen Sample
Figure III-2. Swelling of soil-cement samples 
in 100% humidity.
center of the sample seemed depressed. Although the amount of 
swelling was not large, it was important since even distribution of 
the compressive forces throughout the sample depends upon the two 
ends of the sample being parallel. These samples failed by a shear 
break instead of a cone break indicating that the compressive load 
was not uniformly distributed. The large variation in strength 
was attributed to the ends of the samples being uneven.
Four additional soil-cement samples were molded and cured for 
7 days in sealed plastic bags. No swelling occurred. However on 
careful inspection of the samples it was found that the sample ends 
were not parallel, but one end was tilted at a slight angle.
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The compressive strengths of these samples were:






The source of the trouble was found to be the hydraulic sample 
remover. The piston for ejecting the samples from the molding 
cylinder had worn so that the contact surface between the piston 
and the sample was not flat. A new piston was made and another 
series of soil-cement samples made. These samples were cured in 
sealed plastic bags for 7 days and then immersed in water for 48 
hours before testing. These samples had not swelled and the ends 
appeared to be flat. The rate of compression testing was reduced 
from 0.15 inches per minute to 0.015 inches per minute in order to 
better observe the failure of the samples. The samples had 
strengths of:
Sample Compressive 7. Weight Gain






Samples 10-23-1, -3, and -4 all failed by cone breaks. These 
samples had been carefully oriented in the compression tester. 
Sample 10-23-2 did not fail in the same manner as the other three 
samples. This sample had been purposely mis-aligned in the
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compression tester to determine the importance of sample orienta­
tion during the compression testing step. The resultant low strength 
indicated that exact alignment was necessary and subsequent samples 
were all carefully orientated.
Swelling of the samples increased the experimental scatter in 
the results. To take into account this fact, each sample was 
inspected before compression testing and the appearance recorded.
If the sample's ends were uneven. Teflon caps were placed on the ends 
to give more uniform distribution of the compressive load throughout 
the sample. The type of sample failure was also recorded. Figure III-3 
III-3 illustrates the different types of sample failure. Cone and 
shear-cone indicated uniform distribution of the compressive loads 
while shear indicated less uniform load distribution.
Strength of Standard Soil-Cement Samples
Standard soil-cement samples were molded at maximum density 
and cured in 1007o humidity for 28 days in order to compare them 
with soil-cement samples containing polymers that were cured under 
the same conditions. One soil-cement sample was cured for 28 days 
in a sealed plastic bag to determine the effect of curing conditions 
on strength. The strengths of these samples are given in Table III-2. 
It was expected that soil-cement cured in 100% humidity would be 
stronger than soil-cement cured in a drier atmosphere. However the 
samples cured in 100% humidity were swollen and cracked around the 
edges. When immersed in water they disintegrated rapidly. The 
appearance and strength of the samples indicated that the amount of 
swelling increased with curing time. The samples cured for 28 days 






















Sample Number Curing Conditions Compressive Strength(psi)
10-37-1 Sealed Plastic Bag 766
10-47-2 100% Humidity 253
10-47-3 100% Humidity 227
10-47-4 100% Humidity 315
20-62-1 100% Humidity 0 (48 hr. immersion)
20-62-2 100% Humidity 0 (48 hr. immersion)
20-63-1 100% Humidity 0 (48 hr. immersion)
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for 7 days.
It is generally assumed that soil-cement compacted to maximum 
density gives maximum strength. However during studies with soil- 
cement containing polymers in which the percent molding water was 
a variable it was found that in many cases the strength continued 
to increase with increasing water content regardless of the density. 
This indicated that the strength of standard soil-cement may depend 
upon the percent moisture in the sample at molding. To determine 
if this was true soil-cement samples were molded at moisture con­
tents above and below the optimum level for maximum density. The 
sample which was drier than optimum moisture content was badly 
swollen in 100% humidity and fell apart on handling. The samples 
wetter than optimum were not swollen in either 100% humidity or in 
the soak water. The measured strengths are given in Table III-3.
The wet strengths of the soil-cement samples were reduced by 
drying the samples before immersion in water. Samples compacted 
at 13, 15, and 17% moisture were dried for 12 hours at 110° C. 
before immersion. All three of the samples were very weak after 
12 hours soaking. The sample compacted at 13% moisture had com­
pletely disintegrated in the soak water. The other two samples had 
not disintegrated, but fell apart when removed from the water for 
inspection.
Sodium Hydroxide in Soil-Cement
Soil-cement samples containing 0*5, 1, and 2% sodium hydroxide 
(NaOH) by weight of the soil were prepared to determine its effect 
on the strength of soil-cement. The NaOH was added in a solution 
of such a dilution that 12.5% molding water would be added. Table 
III-4 shows the effect of NaCH on the strength of soil-cement.
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Table III-3
















20-62-3 10.1 106.65 28 days 0
20-62-1 13.1 108.80 28 days 0
10-110-5 15.3 108.15 7 days 676
20-62-4 16.2 107.65 28 days 817
10-110-3 17.4 106.78 7 days 582
* Maximum density = 109.4 lb./cu. ft. at 12.5% moisture.
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Table III-4










































* Cured in sealed plastic bag *.
** Molded at 15% water content












It was found that increasing the percent NaOH decreased the amount 
of swelling in the 100% humidity chamber and increased the strength.
At 0.5% NaOH the strength after curing in 100% humidity was approxi­
mately equal to the strength obtained with soil-cement. However a 
large increase in strength resulted from increasing the amount of 
NaOH from 0.5 to 1% and again on increasing the NaOH from 1 to 2%.
As in soil-cement, increasing the percent molding water also 
increased the strength so that a sample containing 1% NaOH and 15% 
water was as strong as a sample containing 2% NaOH and 12.5% water.
Although 1% NaOH did prevent swelling of the soil-cement while 
curing in the 100% humidity chamber, severe swelling took place on 
immersion. Approximately one third of the sample disintegrated 
into the soak water and the strength was reduced by 55%.
Effect of the Amount of Portland Cement on the Sample Strength
Soil-cement samples containing 5% and 15% portland cement were 
made to determine the effect of percent cement on strength. Samples 
were molded at moisture contents of 11, 12, 13, and 14%. The opti­
mum moisture content for 5% portland cement was 14.3% while for 15% 
cement it fell at 12.8% water. The samples containing 5% cement 
were swollen in 1007, humidity with the amount of swelling decreasing 
with increasing water content. None of the 5% cement samples were 
immersed in water prior to testing since it was obvious from the 
swollen appearance of the samples that they would have had very 
little wet strength. Samples containing 15% cement were only slightly 
swollen after 28 days cure. The wet and dry strengths of these 
samples were very high. However a sample that was dried at ambient 
conditions for 48 hours prior to immersion was reduced in wet
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strength by 25% while a sample dried at ambient conditions for one 
week prior to immersion had zero wet strength. The properties of the 
soil-cement samples containing 5% and 15% portland cement is given in 
Table III.5.
Table III-5 
Strength of Soil-Cement Containing 5 and 15% Portland Cement
Sample Composition 5% Cement 15% Cement
Silty-clay Soil 480 g. 450 g •
Portland Cement 25.3 g. 67>5 g-
Water Variable Variable
Data (5%, cement, 7 days cure)
Sample % Molding Density . Strength Comments
Number Water (lb./cu. ft.) (psi)
10-49-1 11.2 107.45 287 Badly swollen
10-49-2 12.2 108.02 388 Swollen
10-49-3 14.3 109.85 478 Slightly swollen
10-49-4 13.2 107.84 430 Swollen
Data (15% cement, 28 days cure)
20-48-1 12.8 108.77 1013 48-hr. wet strength
20-48-2 13.9 108.59 769 48-hr. dry, 48-hr.
soak
20-48-3 14.1 107.09 1450 48-hr. dry
20-48-4 14.7 103.53 0 7-day dry, 48-hr.
wet
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Discussion of Results 
Sample Reproducibility
Three identical soil-cement samples that were cured in sealed 
plastic bags so that no swelling occurred gave compressive strengths 
within + 5% of the average value. The amount of experimental 
scatter that could be expected if the sample ends were swollen can 
be estimated from the results given in Table III-2. Three standard 
soil-cement samples that had swollen after curing for 28 days in 
100% humidity gave dry strengths that fell within + 19% of the aver­
age strength. This indicates that the uneven sample ends did not 
uniformly distribute the compressive force throughout the sample. 
Strength of Soil-Cement
Soil-cement samples containing silty-clay soil and portland 
cement were molded at optimum moisture content. The samples were 
swollen and cracked after curing in the 1007a humidity room. This 
resulted in a large reduction in compressive strength. The reduced 
strength was due to disruption of the soil-cement structure by the 
swelling, and the resultant uneven distribution of the compressive 
load during testing. The swelling may have been caused by the 
adsorption of water by the clay particles. The thickness of the 
water film coating the clay particles at optimum water content is 
almost always less than the particles would have if given free access 
to water. Expansion of the water film around the clay particles 
would set up stresses throughout the rigid soil-cement matrix, dis­
rupt the structure, and reduce the strength.
Comparison of samples molded at optimum water content and 
cured for 7 days and 28 days in 100% humidity show a reduction in
83
strength with increased cure time. The strength reduction must be 
due to increased swelling and disruption of the soil-cement structure 
since the strength of soil-cement should normally increase with time. 
This indicates that the expansion is continuous and is not confined 
to the time before the cement has set.
The thickness of the water film coating the clay particles 
should be proportional to the molding water content so that at 
higher percent molding water less expansion should occur under simi­
lar conditions. The reduction in swelling of soil-cement samples 
molded wetter than optimum confirmed this statement.
The large increase in strength obtained from samples molded 
wetter than optimum cannot be attributed solely to reduction in 
swelling. Samples molded at maximum density and cured in plastic 
bags so that no swelling took place developed only 607« as much 
strength as samples molded wetter than optimum. The increased 
strength may have been a result of more complete hydration of the 
portland cement by the extra water available. At optimum water 
content the water present in the soil is tightly held in the films 
surrounding the soil particles and is not sufficiently mobile to 
react with the cement present. As more water is added the film 
thickness increases and the water is held less tightly so that more 
water is available for cement hydration. This effect would be 
expected to be more pronounced if the soil contains a relatively 
large amount of clay.
The increase in strength obtained by addition of sodium hydrox­
ide can also be attributed to increased hydration of the portland
84
cement. The presence of excess sodium cations would reduce the 
attraction of the clay particles for water molecules so that more 
water would be available for cement hydration. As the concentration 
of NaOH was increased, the amount of water released from the water 
films was increased and higher strengths were developed. Increasing 
the percent molding water had the same effect as increasing the NaOH 
concentration as shown by the equal strengths of samples molded at 2% 
NaOH, 12.5% water and 1% NaOH, 15% water. The beneficial effect of 
NaOH is to increase the amount of cement hydration. Water resistance 
is not improved by the addition of NaOH.
Swelling of soil-cement samples in 100% humidity can be prevented 
by molding wetter than optimum. However drying soil-cement samples 
molded wetter than optimum reduces the wet strength. The shrinkage 
during drying causes internal stresses to be set up in the soil- 
cement. The rigid soil-cement cannot readily adjust to relieve the 
stresses as they are developed. Eventually the internal stress 
reaches a point where disruption of the soil-cement structure takes 
place. The prevention of large and rapid moisture changes and subse­
quent volume changes in the soil should reduce the disruption of the 
soil-cement structure. Increasing the elasticity of the soil-cement 
so that internal stresses could be more easily relieved should also 
reduce the disruption of the soil-cement structure. The addition to 
the soil-cement of waterproofing polymers should improve both the 
elasticity and the water resistance.
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C. Acrylic Acid In Soil-Cement
Previous work by Elder (1) has shown that soil-cement samples 
containing 12.5 to 20% acrylic acid developed very high strength. 
Some interesting questions were raised by his work that warranted 
further investigation of acrylic acid as a soil-stabilizing agent. 
Swelling of Acrylic Acid Samples
Elder reported that soil-cement samples containing approxi­
mately 12.5% acrylic acid swelled extensively after compaction.
The volume of the samples increased to such an extent that large 
cracks were formed in the samples,thus destroying them. To deter­
mine the cause of this swelling several samples containing 12.5% 
acrylic acid were made and cured under various conditions. Table 
III-6 lists the samples and the results of the tests.
The effect on swelling of adding sodium acrylate monomer in­
stead of acrylic acid to the soil was also investigated. Sample 
12-93-1, containing 10% portland cement, 4% sodium acrylate, and 
8% water, was molded and immediately immersed in water. No swelling 
occurred. An identical sample, 12-93-2, was cured at ambient condi­
tions for 7 days and again no swelling occurred.
To test for swelling at small amounts of acrylic acid, three 
samples of the following composition were molded:
Silty-clay soil 450 grams
Portland cement 45 grams
Acrylic acid 5 grams
Water 56 grams
Paramethane hydroperoxide 5 drops
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Table IH-6 



































Slightly swollen at ambient, 
Badly swollen in 100$ 
humidity
12-100-2 0 48 hours 
100$ humidity
Badly swollen
12-100-3 0 5 days in desi- No swelling in desiccator 
ccator, then 24 Badly swollen in 100$ 
hours in 100$ humidity 
humidity
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The water was necessary to moisten the dried soil for compaction.
These samples were cured in 100% humidity for 7 days and then soaked 
for 48 hours without noticeable swelling occurring. A fourth sample, 
identical to the previous three except that the 56 grams of water was 
replaced with 76 grams of glycerine, was slightly swollen after 7 
days cure in 100% humidity. The extent of swelling was much less 
than with the 12.5% acrylic acid samples.
Strength of Acrylic Acid-Soil-Cement
Soil-cement samples containing 1% acrylic acid which did not 
swell were the only samples suitable for compression testing. The 
strengths of these samples are given in Table III-7. One sample 
was made with divinyl benzene added to cross-link the poly(acrylic 
acid) in an attempt to improve the water resistance. Calcium oxide 
was added to another sample to try to increase the rate of hydration 
of the cement and to improve the strength. The results are also 
shown in Table III-7.
To determine the effect of acrylic acid on the hydration of 
portland cement six soil-cement samples were molded with various 
amounts of acrylic acid. The strengths were not measured quantita­
tively but were estimated from inspection. The results of these 
tests are shown in Table III-8.
Poly(acrylic acid) in Soil-Cement
Poly(acrylic acid) was formed by solution polymerization of 10% 
acrylic acid in water. Viscosity measurements gave an average mole­
cular weight of 44,700. Part of the poly(acrylic acid) was converted 
to the sodium salt and soil-cement samples were molded containing 1/2,
Table IH-7




Acrylic acid (monomer) 5
1 Water 56
Curingi 7 days in 100$ humidity, then 48-hour immersion
Data
Sample Number Additive (grams) Strength (psi)
12-7*1-1 None 457
12-74-2 None 382
12-74-3 Calcium oxide 
(5 grams)
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12-60-1 7 12.7 No strength*
12-60-2 6 10.9 No strength
12-60-3 5 9.1 No strength
12-60-4 3 5.5 No strength
12-60-5 1 1.8 Some strength
12-60-8 0 0 Strong
*Fell apart when picked up for inspection,
1, and 2% of these polymers. The strength of these samples tended 
to increase with increasing water content and decrease with increas­
ing polymer content (Table III-9).
It was noticed that during the mixing of the soil-cement and 
the polymer solution the soil mass changed from an easily deform­
able "mud" to a tough and resilient mass. In some cases the mass of 
soil was so tough that it would not go into the molding cylinder, 
but first had to be pulled into small pieces. To determine if 
increased mixing would improve the strength, a soil-cement sample 
containing 4% poly(sodium acrylate) and 40% water was well mixed 
and kneaded by hand for 10 minutes. The rubbery mass of soil was 
then broken into small pieces, dried to a moisture content of 14%, 
and molded. The strength after soaking for 24 hours and then 
drying for 24 hours was 750 psi. However the sample was softened 
by the water and considerable soil had fallen from the sides. No 
swelling had occurred prior to soaking.
A soil-cement sample containing 18% acrylic acid and no water 
was polymerized in situ. Water was then added until the soil was 
above its plastic limit and the mass was kneaded for 10 minutes.
The soil was not dried before molding so that the density was low 
(81 lb./cu. ft.). This sample was also softened by water and was 
very elastic due to the low density. The wet strength after 48 
hours of soaking was 50 psi. No swelling was noticed of the type 















12-89-1 0.5 11.7 108.71 350
12-89-2 0.5 13.6 109.08 384
12-89-3 0.5 14.6 109.21 394
12-87-1 1.0 11.3 107.27 184 *
12-87-2 1.0 12.3 107.77 237
12-87-3 1.0 13.4 109.08 308
12-90-1 2.0 13.0 107.71 301
12-90-2 2.0 13.9 107.90 2 77
12-90-3 2.0 15.1 108.65 328
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Discussion of Results 
Acrylic Acid in Soil-Cement
It was known from published results that the strength of soil- 
cement could be significantly increased by "in situ" polymerization 
of acrylic acid. (1,2) However samples containing acrylic acid-... 
often swelled so extensively that the structure of the soil was dis­
rupted, resulting in a great loss of strength. The cause of the 
swelling was not clearly understood. Data presented in Table III-6 
shows that soil-cement samples molded with 12.5% acrylic acid and 
no water swelled very fast in 100% humidity and slowly at ambient 
conditions, indicating that the swelling might be caused by the 
presence of moisture in the air. This assumption was proven true 
when a sample placed in a very dry atmosphere (over P2O5) had not 
swelled.after 5 days, but became very swollen when placed in 100% 
humidity for 24 hours. Based on these results it was theorized 
that the swelling was due to repulsion between ionized carboxylic 
acid groups on the polymer chain. Since no water was added with the 
acrylic acid, it would initially be essentially non-ionized in the 
compacted soil-cement. During "in situ"polymerization tightly coiled 
polymer chains would be formed since the inorganic soil should act 
similar to a very poor solvent. When water vapor enters the system 
ionization of the polyanion takes place and the polymer chains tend 
to assume an extended position. As the carboxylic acid groups were 
ionized, some would form salt linkages with particles in the rigid 
soil-cement structure. As more acid groups are ionized the repulsion 
between the charged units of the polymer anion increases and internal
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stresses are developed in the system as the polymer chains attempt 
to assume an extended configuration. Since the polymer chains are 
bound to the soil-cement structure, the internal stresses developed 
can be relieved only by swelling of the entire structure (Figure III-4).
If this theory were correct, samples in which the acrylic acid 
is ionized before compaction should not swell when exposed to mois­
ture. Data presented in Section C and in Tables III-7 and III-9
showed that swelling did not occur in the following cases:
(1) 1% acrylic acid and 11% water
(2) 1/2 to 4% poly(acrylic acid) or poly(sodium acrylate) and 
10 to 14% water
(3) 4% sodium acrylate and 8% water
(4) 18% acrylic acid and 30% water
In each of these cases the acrylic acid or sodium acrylate would 
have been ionized before compaction. A sample identical to case (1) 
except that the water was replaced with glycerine to prevent ioniza­
tion of the acrylic acid was swollen after curing and soaking in 
water. In addition to supporting the theory that ionization prior 
to compaction would prevent swelling, this indicated that the amount 
of swelling was directly proportional to the concentration of acry­
lic acid.
Cases (2) and (3) show that by adding acrylic acid as a polymer 
in dilute solution or.as the sodium salt in solution, ionization is 
essentially complete before compaction. It is not necessary that 
acrylic acid be ionized when added to the soil. In case (4) the 
acrylic acid was polymerized in situ while it was un-ionized 




Figure III- 4. Effect of Ionization of Polyelectrolyte 
on Chain Configuration.
without ionization of the acrylic acid. However by addition of water 
and kneading to relieve any stresses in the system before compaction, 
no swelling occurred.
Unpublished data by researchers in the Civil Engineering Depart­
ment at Louisiana State University (3) indicate that inorganic acid 
causes swelling in clays containing montmorillonite by forcing the 
clay platelets apart. It has been shown (4) that methacrylate can 
be adsorbed on the internal surface of montmorillonite and then
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polymerized. Un-ionized poly(acrylic acid) adsorbed between the 
clay platelets and subsequently ionized would also lead to extensive 
swelling.
The strongest of the samples containing acrylic acid was one 
containing 4% poly(sodium acrylate) that had been kneaded to orient 
the polymer chains. While the strength appeared to be improved by 
the mixing, the water resistance was low. Increasing the amount of 
acrylic acid to 18% did not improve the water resistance. As shown 
in Table III-8, high concentrations of acrylic acid prevented the 
normal hydration of portland cement. Soil-cement samples molded at 
various poly(acrylic acid) concentrations indicated a trend to 
higher strength at lower percent polymer. This also suggested that 
the acrylic acid was interferring with the hydration of the cement 
by reacting with the calcium ions as they are formed.
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CELLULOSE DERIVATIVES IN SOIL-CEMENT
D. Water-Soluble Cellulose Derivatives
The previous work with acrylic acid was done in an effort to 
determine why certain polymers cause soil-cement to swell and to 
comparo the effect on soil-cement of polymers polymerized in situ 
and polymers added to the soil in polymer form. The results of this 
work and the work with standard soil-cement demonstrated the need 
for a polymeric material which would improve the strength and water 
resistance of portland cement in silty-clay soils. A review of the 
literature dealing with the properties that a soil-stabilizing 
polymer should possess indicated that certain cellulose derivatives 
might be useful as soil-stabilizing aids. To test this theory several 
commercially available cellulose derivatives were obtained. Those 
derivatives were all water-soluble and were either ionic or non-ionic 
ethers of cellulose. The properties of these cellulose derivatives 
are given in Table 111-10..
The scope of the work with ionic cellulose derivatives was 
rather limited due to the small number of polymers available. However 
several non-ionic cellulose derivatives with a wide range of pro­
perties were available so that considerable information could be 
gained about the characteristics of cellulose that were important 
in the stabilization of silty-clay soils.
One variable of interest with samples containing cellulose 
derivatives was the percent molding water. Several samples at 
various percentages of molding water had to be made at each polymer 
concentration to construct a moisture-density curve. Densities are
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normally obtained by oven drying the compacted samples, however 
samples that had been dried in the oven could not be tested for 
physical properties since the drying process interferred with the 
hydration of the portland cement. In order to be able to test all 
samples compacted, a new method for determining the dry density was 
developed. In this method a small portion of the sample was removed 
before compaction and the moisture content determined by drying this 
small portion. The density was then calculated using the percent 
moisturo and the measured volume of the sample. The compacted 
samples were cured and tested in the same manner as soil-cement 
samples molded at maximum density,
Ionic Cellulose Derivatives
The physical properties of soil-cement containing 5$ carboxy- 
methyl cellulose of 0,7 D.S, (CKC-7H) are given in Table III-ll,
The CMC-7H was added to the soil in powder form. After hand mixing 
the polymer, soil, and cement the required amount of water was added 
and the samples mechanically mixed with a Holbart kitchen mixer.
Three of the samples were cured in sealed plastic bags and one in 
100$ humidity. Maximum strength was obtained from the sample 
cured in 100$ humidity even though the bottom of the sample was 
swollen where it had sat in a pool of water.
Samples containing 1$ CMC-7H were made for comparison with the 
5$ CMC-7H samples. Although maximum density for both sets of samples 
fell at approximately the same percent molding water, as shown in 
Table 111-12 the density obtained with 1% CMC-7H was greater than that
Table HI-10
Properties of Experimental Water-soluble Cellulose Derivates
Derivative Name Code Substituent Groups M.S. Viscosity Supplier
C arboxymethyl 
Cellulose




























HEC-100M hydroxyethyl 2.5 100,000 Union Carbide






























MC-STD Methyl 2.3 4000 vO ' 00
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Table III-ll
Properties of Soil-ceraent Containing 
5$ Carboxyraethyl Cellulose (CMC-7H)
Sample Description 
Silty-clay soil = 450 g«
Portland cement = 45 g.
CMC-7H - 22.5 g.
D.S. Carboxymethyl Groups =0.7
Mixing time = 5 minutes












10-46-3 12.02 97.30 123 0.05
10-46-1 13.82 98.36 129 0.08
10-46-2 16.54 97.42 168 0.10
10-50-1* 14.93 98.54 193 0.14
♦cured in 100$ humidity
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Table 111-12
Properties of Soil-cement Containing 
3# Carboxymethyl Cellulose (CMC-7u)
Sample Description 
Silty-clay soil = **50 g.
Portland cement = 45 g.
CMC-7H = 4.5 g.
D.S, Carboxymethyl groups = 0,7
Mixing time - 5 minutes











(psi x 10 )
12-108-1 10.35 107.03 322 0.38
12-108-2 11.23 108.71 380 0.48
12-108-3 12.06 108.77 397 0.45
12-108-4 13.52 109.89 415 0.46
12-108-5 14,92 110,14 42? 0.43
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obtained at the 5# level. The strength and modulus of the samples 
containing 1# CMC-7H were also higher than the samples molded with 
%  CMC-7H.
To test the effect of the D.S. of carboxymethyl groups on the 
cellulose chains samples were made containing carboxymethyl hydroxy- 
ethyl cellulose with a 0.3 D.S. of carboxymethyl groups and 0,7 M.S. 
of hydroxyethyl groups (CMHEC-37L). The procedure for making these 
samples differed from the procedure used for making the samples 
containing CMC-7H in that the CMHEC-37L was added to the soil as 
a water solution and not as a powder. The results obtained from 
these samples are given in Table III-13. In a similar fashion to 
CMC-7H, a reduction in polymer concentration gave an increase in 
strength. However the strength of the sample containing 1.2$ polymer 
of 0,3 D.S, carboxymethyl was considerably improved over the sample 
containing 1$ polymer of 0.7 D.S. carboxymethyl. One sample con­
taining 2,4$ CHHEC-37L was soaked, for 48 hours and then compression 
tested. The sample was not swollen by the water and had only 
gained 1,2$ in weight during the time of immersion.
Two series of samples were made with oxidized cellulose deriva­
tives of D.S, 0,25 and 0.4-5. The molecular weight of the oxidized 
cellulose was very low and it did not appear to improve the water 
resistance of soil-cement. Considerable amounts of soil were lost 
during the soaking period since the soil tended to fall off as it 




Carboxymethyl Hydroxyethyl Cellulose in SoH-cement
Sample Description 
Silty-clay soil = 450 g,
Portland cement = 45 g.
D.S. of carboxymethyl groups =0,3
Mixing time = 5 minutes












20-40-1 2.4 28 11.6 104.16 395
20-40-2 2.4 28 13.1 107.90 395
20-40-3 2,4 28 15.0 108.71 299(w)*
20-40-4 2.4 28 17.1 106.34 398
20-44-1 2.4 7 16.1 108.52 398




Oxidized Cellulose in Soil-cement
SAmple Description
Silty-clay soil 450 g.
Portland cement 45 g.
Mixing time 5 minutes
Cure time 28-days
Pate





Modulus Density £ molding 
(psi x 10“-0 (lb./cu.ft.) Water
10-84-1 0 105.34 12.9
10-84-2 341 0.37 107.65 14.7
10-84-3 519 0.37 105.03 19.0
10-84-4 145* 0.19 102,22 17.1
10-96-1 0* ---------- 106.03 12.0
Samples containing 1.56jS OC-20» carboxylic acid D.S.=0.45
10-85-1 0 ■ W W W 106.63 11.4
10-85-2 388 0.59 106.90 12.8
10-85-3 435 0.42 108.59 16.3
10—85—4 413* 0.67 108.77 14.3
* 48 hour immersion
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A plot of the maximum dry strength developed by soil-cement 
containing ionic cellulose derivatives as a function of the moles 
of carboxylic acid in the soil is shown in Figure III- 5k The data 
is taken from Tables IH-11 through HI-14, The moles of carboxylic 
acid groups is the product of the moles of anhydroglucose units in 
the polymer added to the soil and the degree of substitution per 
anhydroglucose unit.
Non-ionic Cellulose Derivatives
One question in soil stabilization that has received little 
attention is the importance of secondary bonding between a polymer 
and the soil surface. To study this question three soil-cement 
samples were made containing cellulose derivatives of varying 
secondary bonding capacity. The polymers were mixed ethers of methyl 
and hydroxypropyl cellulose and differed only in the number of 
hydroxyl groups available for H-bonding to the soil surface, A 
polymer concentration of S:p was used so that the effects of the 
polymer properties would be more pronounced. The polymer was added 
to the soil as a powder and mixed for 8 minutes before compaction.
The samples were cured for 7 days in 100£ humidity and then com­
pression tested. The results of the tests are given in Table 111-15.
Another polymer property which was believed to be of importance 
in soil stabilization was the molecular weight. The chain length 
of the polymer should be even more important in non-ionic than ionic 
polymers since many secondary bonds have to be formed to equal the 























Gram-moles of Carboxylic Acid Group's in the Soil-Cement
Figure III-5 , Maximum Dry Strength of Soil-Cement




Variation of Soil-cement Properties 
With Secondary Bonding Capacity of Polymers
Sample Description
Silty-clay soil 450 g.
Portland cement 45 g.
Polymer 22.5 g.
Water 67 g.
Mixing time 8 minutes
Polymer viscosity 4000 cps
Cure conditions 7-days at 100^ humidity
Data
Sample M.S. of Groups Strength Modulus,- Density 
Number Methyl Hydroxypropyl (psi) (psixl0”',) (lb./cu, ft.)
10-52-4 2.3 0 274 0.18 100.66
10-43-1 2 .0 0.11 299 0.20 102.23
10-53-4 1.9 0,26 337 0.23 104.34
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solution is a measure of its molecular weight, cellulose derivatives 
of different viscosities were incorporated into soil-cement samples 
to study the effect of chain length (Table III-16).
A series of samples was made in which the mixing time of the 
polymer, soil, cement, and water was varied. The samples were mechani­
cally mixed by a Holbart kitchen mixer and the percent moisture in 
the sample measured immediately before molding since evaporation 
occurred during the mixing. The results of these experiments are 
given in Table 111-17.
The polymer in the sample with only one minute mixing time was 
not uniformly distributed throughout the soil. Small particles 
of gelatinous polymer could be seen embedded in the sample. The 
samples mixed for longer periods of time appeared to be more uniform, 
although some polymer particles were still present in the soil.
While curing in 100$ humidity the sample made with one minute mixing 
time was swollen and cracked in a manner similar to the swelling 
experienced by standard soil-cement samples. The samples compacted 
after mixing times of 5 or 10 minutes did not swell.
The data obtained from the various series of samples containing 
non-ionic cellulose derivatives in which only one variable was 
changed indicated that interactions between the variables might 
be important. An experimental program was devised in which the 
effects of variable interactions were to be evaluated by statistical 
analysis. After partial completion of this program it was delayed 
in favor of a program involving alkali-soluble cellulose derivatives. 
The results obtained from the samples that were made could not be
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Table III-16
Influence of Polymer Chain Length on Soil-cement Properties
Sample Description
Silty-clay soil 450 g.
Portland cement 45 g.
Polymer 22.5 g.
Water 6? g. #
Mixing time 8 minutes








10-50-3 50 328 0.26 104.47
10-50-2 400 383 0.27 103.97




Effect of Polymer-soil Mixing on Soil-cement Properties
Sample Description
Silty-clay soil 1*50 g.
Portland cement 1*5 g.
Polymer weight 15 g.
Water 70 g, 4
Polymer name MC-STD
Polymer viscosity 1*000 cps




Strength $ molding Density 
(psi) Water (lb,/cu. ft.)
10-75-2 1 286 15.1 101.91
10-75-1 5 1*12 14,6 102.47
10-75-3 10 304 13,9 101,16
... - ... - .............. • . ...»
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statistically analyzed due to the small number of measurements 
taken so that no conclusions on the effects of variable inter­
actions were made. However the results were useful in analyzing 
the experiments with alkali-soluble cellulose derivatives.
The independent variables and the range of values they were 
allowed to take were:
1. D.S, of methyl groups on polymer, 1.1 to 2.3,
2. Polymer in soil, 0.5 to 5p,
3. Amount of polymer-soil mixing, 3 to 10 minutes,
4. Polymer viscosity (2$ solution), 50 to 15,000 cps,
5. Holding water, 9 to 17$.
Samples were made with seven different non-ionic cellulose 
derivatives. Four samples were molded with each polymer to deter­
mine the moisture-density relationship. The original data obtained 
from the seven runs is tabulated in Appendix B. Y/ith two exceptions 
all of the samples were cured for 28 days in 100$ humidity. The 
exceptions were two samples tested after 7 days cure. One sample 
in each series which was near maximum density was immersed in 
water for 48 hours before compression testing to determine the wet 
strength, Y/hile some of these samples retained considerable strength 
even after soaking, the polymer in the samples were slowly going 
into solution and the samples disintegrating. The samples not 
immersed before compression testing were dried in the air-conditioned 
laboratory at ambient conditions for 48 hours prior to compression 
testing to measure the dry strength.
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The data for the immersed samples is given in Table 111-18, 
Although four other variables were also being changed, the only 
trend that could be readily found in the data was the change in 
wet strength versus polymer concentration, which is shown in Figure 
III- 6. The one sample that did not follow the general trend con­
tained the polymer with the lowest hydrogen bonding capacity.
The sample giving the highest strength also had the largest number 
of hydroxyl groups for hydrogen bonding.
The percent difference in the wet and dry strength is a 
measure of the effectiveness of waterproofing. The more complete 
the waterproofing, the smaller the percentage difference in wet 
and dry strength. Figure III-'7 shows the percent difference in the 
maximum dry strength and the wet strength obtained with each of the 
non-ionic polymers. The percent difference in wet and dry strength 
is plotted as a function of percent polymer for comparison with 
Figure III-6, The data shown in the figure is taken from Table 111-18, 
A technique was developed to measure the moisture profile in 
the samples that had been immersed for 48 hours prior to compression 
testing. Immediately after failure in compression an undamaged 
portion of the sample was selected and its cross-section divided 
into three approximately equal intervals by drawing cncentric 
circles with radii of 1/3 and 2/3 of the sample*s radius. Small 
amounts of soil were removed from each interval■, weighed, and dried 
to determine percent moisture. The moisture profiles of a few 
samples wero taken by dividing the sample’s cross-section into four 
intervals. The advantage of this procedure was that a more detailed
Strength of Soil -Cement Sample
Table III-18 
s containing Non-ionic Cellulose Derivatives
D.S. Methyl Percent Mixing Time Viscosity % Molding * Wet Strength Maximum Dry
Groups Polymer (min.) (cps) Water (psi) Strength (psi)
1.7 0.5 5.0 15,000 12.3 0 995
2.0 1.0 3.0 1,360 14.0 357 1060
2.0 1.5 5.0 4,833 13.3 543 913
1.1 2.0 7.5 12,000 14.7 616 962
2.3 2.5 10.0 4,000 11.4 0 598
1.9 3.0 7.5 4,000 13.1 231 812
2.0 5.0 8.0 49 15.4 165** 302
. * Percent Molding Water in Samples Tested Wet












Wet Strength of Soil-Cement Containing Various Non-ionic Cellu­










Percent Difference in Maximum Dry Strength and Wet 
Strength as a Function of Percent Polymer in the Soil
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picture of the extent of water penetration was obtained* The main 
disadvantage was that it was very difficult to accurately cut or 
break the hard samples into the smaller sections. The moisture 
profiles that were obtained are shown in Table 111-19. For com­
parison the moisture profile of a standard soil-cement sample is 
also shown. The moisture profiles of the two samples that disinte­
grated on soaking could not be measured*
Since the samples were slowly swelling and disintegrating, the 
moisture content of the outer section of the sample depended to
some extent upon the tenacity of the soil particles to the sample
surface. Some of the samples had a considerable amount of swollen 
soil that was held to the sample’s surface while with other samples 
the soil tended to fall off soon after swelling. In general, the 
higher the percent polymer, the less soil was lost on soaking, 
although the D.S, of methyl groups and the polymer viscosity also 
appeared to effect the amount of soil lost.
At low molding water content the polymer in the samples often 
was not uniformly dispersed. These samples had low water resistance 
and in some instances were swollen during curing. Uniform samples 
were obtained at any one of the following conditions*
1. low percent polymer in the soil,
2. high mixing time, or
3. high percent molding water.
The samples containing 0,5$ polymer and mixed for 5 minutes were 
uniform even at moisture contents as low as 10$ while the samples 
containing 3$ polymer required 7 1/2 minutes mixing and 15*8$ water
Table III-19
Moisture Profile for Soil-Cement containing Water-Soluble Cellulose Derivatives
Sample Percent Methyl Mixing Viscosity % Molding Percent Moisture at Radii**
Number Polymer D.S. Time (Min.) (cps) Water 1.0-.67 .67-.34 .34-0
10-23-1 0 Standard Soil -Cement 12.5 18.4 17.8 (18.4)* ia.2
10-91-4 1 2.0 3 1,500 14.0 14.8 12.4 12.6
10-90-3 1.5 2.0 5 4,000 13.3 15.0 12.1 12.9
10-92-3 2.0 1.1 7.,5 12,000 14.7 36.3 15.3 13.5
10-94-2 3.0 1.9 7.,5 4,000 13.1 28.8 12.8 12.0
10-40-2 5.0 2.0 8 50 15.4 20.0 15.1 (14.3)* 14.9
10-40-3 5.0 2.0 8 50 16.1 19.1 15.9 13.9
** Radii of 1.0 » outer surface of sample, 0.0 =» center of sample 
* Percent moisture measured at four intervals
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to become uniform. Complete dispersion of the polymer in the soil- 
ceraent was achieved at a mixing time of 10 minutes for samples 
with 2,5/° polymer and 11.*$ water. In contrast, 1 molding water 
was required for uniformity in samples containing 3$ polymer and 
mixed for only 3 minutes.
The dry strength of the samples was significantly improved at 
higher molding water content. In every case the sample having 
maximum dry strength was the one having the highest percent moisture 
at compaction. This was true even though samples compacted at lower 
moisture contents often had higher densities. Figure III-8 illus­
trates the typical effect of percent molding water on strength and 
density in a series of soil-cement samples containing two percent 
polymer. The data shown in Figure HI-8 is taken from Table 
Appendix b - 4 ,  Other than percent molding water, the variable having 
the most pronounced effect on the dry strength was the percent 
polymer in the soil. Compared at approximately equal moisture 
contents, the dry strength tended to decrease as the percent polymer 
in the soil was increased ('Figure HI-9), In contrast the percent 
reduction in strength after 48 hour immersion was less for higher 
polymer contents. This was not unexpected since higher polymer 
concentrations gave improved water-proofing.
Figure UI-10shows the maximum dry strength developed by soil- 
cement at various concentrations of the non-ionic cellulose deriva­
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Figure III-*8. Strength and Density of Soil-Cement containing 

























Percent POlymer in Jaoil-Cement
Figure III-9. Dry Strength of Soil-Cement Containing 
Various Non-ionic Cellulose Derivatives 



















Figure 111-10. Maximum Dry Strength Developed in Soil- 
Cement Containing Various Concentrations 
of Non-ionic Cellulose Derivatives.
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Discussion of Results 
Ionic Cellulose Derivatives
Four water-soluble ionic cellulose derivatives were tested in 
soil-cement. Two of these, oxidized cellulose 0C-10 and OC-20, 
had such low molecular weights that they acted more like simple 
molecules than polymers. These derivatives gave poor water re­
sistance and strength. This, together with their high cost 
($60 per pound), clearly made them unlikely candidates for use in 
soil stabilization.
Data from soil-cement containing carboxymethyl cellulose of 
0.7 and 0,3 D.S, showed that increased strength and water resistance 
resulted from a reduction in the number of carboxymethyl groups 
present in the sample. As shown in Figure III-5, reducing the 
number of carboxymethyl groups by decreasing the amount of polymer 
in the soil-cement or by decreasing the D.S. of the derivatives 
had the same effect of increasing the strength. Apparently the 
carboxymethyl groups were interferring with the hydration of the 
Portland cement by reacting with the calcium ions liberated during 
the hydration.
One sample containing 2.4$ CMHEC-37L was immersed for 48 
hours prior to testing. It was not swollen or damaged by the 
soaking and was reduced in strength by only 25$ compared to 
samples not soaked. This was a considerable improvement over the 
approximately 50$ reduction in strength caused by soaking soil- 
cement samples, The weight gain of 1,2$ during immersion compared
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to a weight gain of 6£ during immersion for soil-cement containing 
no polymer indicated that the polymer was water-proofing the soil.
The low strength of the sample containing CMHEC-37L indicated that 
the polymer was protecting the strength developed in the sample, 
but was preventing the full hydration of the cement.
Non-ionic Cellulose Derivatives
Data presented in Table 111-15 shows that the strength, modulus, 
and density of soil-cement containing methyl cellulose was increased 
by increasing the hydrogen-bonding capacity of the polymer. The 
improvement in strength was probably a combination of the increased 
density and the increased bonding power of the polymer to the soil 
surface. The increased density may have resulted from the closer 
packing of the polymer molecules due to the increased attraction 
between the polymer chains and betweon the polymer and the soil 
surface.
Increasing the molecular weight of a polymer tended to increase 
the strength and decrease the density of a soil-cement-polymer 
mixture. The increase in strength resulted from more bridging 
among soil particles. With longer chain lengths there was a higher 
probability that a polymer molecule would be adsorbed on several 
soil particles instead of just one so that aggregates of soil 
particles were formed. While this had the effect of increasing the 
strength of the structure, it also increased the resistance of the 
soil to compaction so that the density was reduced. For a large 
reduction in density the strength of the soil was reduced a greater
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amount by the decreased in density than it was increased by the 
aggregation of the soil.
Increasing the mixing time of soil-cement containing 3.3$ 
polymer from 1 to 5 minutes increased the strength by 44$ and the 
density by 5$ (Table III-17). The large strength increase was pro­
bably due to improved moisture protection and orientation of the 
polymer molecules. The polymer in the sample mixed for one minute 
was not uniformly distributed throughout the soil so that no moisture 
protection was provided. At higher mixing times the polymer was 
uniformly distributed throughout the sample and provided moisture 
protection. The strength of the cellulose-soil bonds should increase 
at higher mixing times in the same manner that soil-poly(acrylic 
acid) bonds were observed to increase. By orientation of the polymer 
chains a larger number of hydrogen bonds were developed between the 
polymer and the soil,increasing the strength of the soil structure.
The reduction in strength at long mixing times probably was a result 
of the decrease in density. The decrease in density may have 
resulted from the increased aggregation of the soil particles and 
the evaporation of part of the molding water during mixing.
The strengths of soil-cement-polymer samples immersed for 48 
hours prior to testing indicated that a polymer concentration of 
2$ gave optimum waterproofing. It was significant that the polymer 
with the highest methyl D.S, gave the lowest strength. This again 
indicates the dependence of strength upon the ability of the polymer 
to hydrogen bond to the soil’s surface.
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The moisture profiles of the soil-cement-polymer samples, given 
in Table HI-19, show that penetration of water was prevented by 
as little as "]$> polymer. However the samples were slowly dis­
integrating in the soak water, the rate of disintegration being 
slower at higher polymer concentrations. An indication of the 
tenacity of the polymers for the soil is given by the percent water 
in the outer 1/3 of the sample. If the soil tended to fall off once 
it was swollen, the percent water was low. On the other hand, if 
the soil was held to the sample surface even in the highly swollen 
state, the percent moisture measured in the outer layer of the soil 
was high. The sample with the highest percent water in the outer 
portion contained the cellulose derivative with the highest number 
of hydroxyl groups for hydrogen bonding to the soil. The molecular 
weight of this cellulose derivative was also very high. This indi­
cates that cellulose derivatives having a large hydrogen bonding 
capacity and a high molecular weight are most effective as water­
proofing agents.
The dry strength of soil-cement-polymer samples increased with 
percent molding water in the same fashion as was found for soil- 
cement, At moisture contents drier than optimum, the strength was 
approximately equal to that of soil-cement. Part of the reduction 
in strength at low moisture content must have been due to the 
non-uniform dispersion of the polymer in the soil-cement. At low 
moisture the polymers did not completely go into solution. The 
unevenly distributed polymer did not provide moisture proofing 60
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that swelling occurred in lOCfc humidity. However the strength 
continued to increase with higher moisture content even for com­
pletely uniform samples in which no swelling occurred. This 
strongly suggests that near optimum density insufficient 
water was present to fully hydrate the portland cement. At higher 
moisture contents more hydration of the cement occurred and the 
strength was increased. Without the reduction in density at higher 
moisture contents, the increase in wet strength with molding water 
for 2$ polymer in soil-cement (Figure III-8) would probably be linear. 
Figure HI-9 shows that for samples compared at equal percent 
molding water an increase in polymer concentration resulted in a 
decrease in dry strength. However the maximum dry strength developed 
was not sharply decreased as the concentration of polymer was in­
creased (Figure III-10, This suggest that at constant percent 
molding water, the reduction in strength was due to reduced hydra­
tion of the portland cement, although other factors such as density, 
polymer type, mixing, etc., must have had some effect. The decrease 
in cement hydration was probably a result of the hygroscopic polymer 
competing with portland cement for the water present in the composite. 
If this was true, the addition of sufficient water to completely 
hydrate the portland cement should result in approximately equal 
dry strengths, except for differences due to density, regardless 
of the amount of polymer in the soil. The results shown in Figure 
III-10appear to confirm this statement.
126
The reduction in the strength of soil-cement with the addition 
of ionic derivatives does not appear to be a result of competition 
between the polymer and the cement for the water in the soil.
The data in Table 111-13 for CMHEC-37L shows that the strength 
was not increased at higher water content. The strength reduction 
apparently is due to the presence of the carboxylic acid groups and 
cannot be recovered simply by addition of extra molding water.
At low polymer concentrations more strength is developed in 
soil-cement compacted at maximum density due to the increased 
water available for cement hydration. However a higher percentage 
of the dry strength is lost on immersion in water at low polymer 
content. As shown in Figure III-7 the percent reduction in strength 
on immersion decreased at higher percent polymer due to the greater 
amount of waterproofing even though the actual dry strength decreased.
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E, Alkali-Soluble Cellulose Derivatives 
General Discussion
Experimental work with ionic and non-ionic water-soluble 
cellulose derivatives had shown that small amounts of polymer 
could effectively waterproof soil-cement. Non-ionic water-soluble 
cellulose derivatives remained sensitive to water so that soil- 
cement containing these polymers slowly disintegrated when immersed 
in water. Ionic cellulose derivatives were not as water sensitive 
as non-ionic, but the carboxyl groups reduced the strength of 
soil-cement by interferring with the normal cement hydration. It 
was believed that alkali-soluble cellulose derivatives with a low 
degree of substitution,being insoluble in water, would be more effec­
tive in waterproofing soil-cement than water-soluble cellulose deri­
vatives. The strength and resiliency of the soil-cement should be 
increased by placing only a small number of carboxymethyl groups on 
the polymer chain to provide cross-linking sites between the polymer 
and the soil-cement structure. Hydroxyethyl groups could be added 
to increase the polymer's solubility without decreasing its hydrogen 
bonding capacity.
An experimental program containing five independent variables 
was set up as described in Chapter II, The properties of the alkali- 
soluble cellulose derivatives used in the experimental work are 
given in Table 111-20. A total of 168 samples were made at 26 
combinations or levels of the five independent variables. Twenty- 
seven variable combinations were called for in the experimental plan,
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Table 111-20
Properties of Experimental Alkali-Soluble Cellulose 
Derivatives
Polymer Carboxymethyl Hydroxyethyl Intrinsic % NaOH* 
Number D.S. M.S. Viscosity Solubility
10-59 0.10 0.08 1.22 3
10-72 0.25 0.11 1.14 2
10-73 0.06 0.16 9.45 3
10-74 0.00 0.28 12.70 4
10-77 0.12 0.27 7.80 4
10-78 0.19 0.10 5.05 3
10-79 0.16 0.17 16.20 10
10-100 0.10 0.19 10.50 7
10-101 0.21 0.15 12.30 8
10-101A 0.21 0.15 2.50 8
10-102 0.13 0.14 8.75 7
10-103 0.08 0.21 15.00 3
10-104 0.02 0.23 14.50 5
10-105 0.007 0.28 1.10 5
10-106 0.04 0.28 18.00 2
10-107 0.003 0.22 11.50 4
10-108 0.006 0.34 7.20 2
* Solubility Estimated from Polymer Solubility in 0, 2, 5, and • 
107, NaOH.
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however one experimental level was assigned to soil-cement at 
maximum density. A new moisture-density curve was constructed 
at each of the variable combinations and two samples compacted at 
optimum moisture content. The samples molded at maximum density 
were compression tested either wet or dry, wet referring to samples 
immersed for 48 hours prior to compression testing, and dry referring 
to samples placed in the laboratory at ambient conditions for 48 
hours before testing.
The majority of the samples were made by adding the polymer 
in powder form to the soil-cement, but at least one sample was made 
at each level by adding the polymer in solution to the soil. In 
evaluating the soil stabilizing properties of a polymer the wet 
strength appeared to bo more critical than the dry strength. For 
this reason only the wet strength was measured if just one sample 
was molded at a variable combination with the polymer added in 
solution.
It was not necessary to determine a new moisture-density curve 
when the polymer was added as a solution rather than a powder since 
the optimum moisture content in both instances was approximately 
equal (Figure III-ll). At four variable combinations the moisture- 
density curve was determined with the polymer being added in solu­
tion, This was done to compare the effect of percent molding water 
on the properties of soil-cement to which polymer had been added in 
solution to the effect of percent molding water on soil-cement 
containing polymer added as a powder.
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p n  T :
Percent Molding Water
Figure III-ll. Effect of the physical form of
cellulose derivatives on the moisture 
density relationship of soil-cement-polymer.
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It was originally intended to measure the moisture gain and 
length increase of each of the samples after 48 hours immersion.
However in many instances part of the soil had fallen off the sample 
into the soak water so that the percent weight gain could not be 
determined. Also the ends of the samples were frequently softened 
by the swollen polymer so that accurate measurement of the length 
change was impossible. The swelling of the polymer was desirable 
from a standpoint of waterproofing but it prevented measurement of 
some of the effects of immersion on the stabilized soil. An alter­
nate procedure was to measure the weight gain and length increase 
that occurred during cure in the 100% humidity chamber. Data on 
the weight gain and length increase during curing of some of the 
early samples was not available. However the weight gain and length 
increase was measured on at least one sample at each variable 
combination. The effects of moisture on the samples were not as 
severe in 100,5 humidity as in total immersion. However it was felt 
that the condition of the samples after twenty-eight days in 100$ 
humidity would give some indication of the moisture resistance and 
dimensional stability of the soil.
Other dependent variables that were measured were the modulus 
of elasticity and the maximum density. The original data collected 
from each of the experiments is tabulated in Appendix C,
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Correlation of Data
An empirical correlation of each of the dependent variables 
with the five independent variables was calculated by the use of 
multiple regression analysis (library program MRP-49)* The corre­
lations were obtained using data from samples molded at optimum 
moisture content. Data from samples to which the polymer had been 
added in powder form and data from samples to which the polymer 
had been added in solution form were treated separately. Table 
IU-21 lists the levels of the variables in each of the experiments. 
Twenty-eight experiments are shown since insufficient polymer was 
available at one level to make samples containing polymer added in 
solution and added as a powder. Table 111-22 and Table 111-23 
show the values of the dependent variables at each of the experi­
mental levels,
A second order mathematical model was assumed to provide a 
reasonable approximation to the true physical relationship.
Increasing the percent polymer in the soil or the D.S. of carboxy­
methyl groups on the polymer chain was known to decrease the 
strength of soil-cement containing wator-soluble cellulose deriva­
tives, It was expected that increasing the percent polymer or the 
D,S, of carboxymethyl groups would have the same effect of decreasing 
the strength of soil-cement containing alkali-soluble cellulose 
derivatives. To account for this anticipated trend the percent 
polymer and the D.S. of carboxymethyl groups were entered into the 



















1 0.56 0.150 .17 8.57 10) 3.0 16.2
2 1.56 0.120 .27 6.00 4) 5.0 7.8
3 0.56 0.100 .19 3.43 7) 8.5 10.5
4 0.56 0.066 .16 8.57 3) 8.5 9.5
5 0.56 0.160 .17 8.57 10) 8.5 16.2
6 3.33 0.100 .19 5.00 7) 3.0 10.5
7 3.33 0.200 .10 8.57 3) 8.5 5.1
8 2.50 0.066 .16 8.57 3) 8.5 9.5
9 0.56 0.100 .08 2.69 3) 8.5 1.2
10 0.56 0.080 .21 3.43 3) 8.5 15.0
11 2.50 0.006 .34 3.43 2) 8.5 7.2
12 0.56 0.200 .10 3.43 3) 3.0 5.1
13 2.50 0.213 .15 3.43 8) 5.0 2.5
14 0.56 0.003 .22 3.43 4) 5.0 11.5
15 1.56 0.200 .10 2.00 3) 5.0 5.1
16 1.56 0.120 .27 6.00 4) 10.0 7.8
17 2.50 0.213 .15 3.43 8) 8.5 12.3
18*** 0 0 3.0 ---------------
19 1.56 0.000 .28 6.00 4) 5.0 12.7
20 3.11 0.120 .27 6.00 4) 5.0 7.8
21 1.56 0.120 .27 6.00 4) 8.5 7.8
22 1.56 0.007 .28 6.00 2) 5.0 1.1
23 1.56 0.020 .23 6.00 5) 6.0 14.5
24 1.56 0.130 .14 6.00 7) 15.0 8.8
25 1.56 0.120 .27 10.00 4) 5.0 7.8
26 0.56 0.040 .28 3.43 2) 10.0 18.0
27 2.50 0.060 .16 8.57 3) 3.0 9.5
28 2.50 0.300 .70 0.00 0) 5.0 1.7
* M.S. of Hydroxyethyl ( )





Dependent Variables for Soil-Cement containing Polymer 
added in Powder Form
Experiment Strength(psi) Modulus(psi x 10"^) Maximum % Weight % Length 
Number Dry Wet Dry Wet Density Gain Increase
1 922 389 0.80 0.56. 108.3 1.1: 0.18
2 638 397 0.65 0.35 106.3 4.4 0.72
3 829 450 0.73 0.45 106.5 3.1 0.47
4 1106 480 1.35 1.72 109.1 2.6 0.28
5 864 452 1.01 0.93 109.5 3.6 0.47
6 339 0 0.09 101.2 5.0 1.57
7 729 0 0.49 105.5 3.9 1.40
8 618 266 0.59 0.27 106.3 4.1 0.83
9 869 0 1.44 108.2 0 0.47
10 1152 0 0.99 107.5 .7 0.09
11 457 274 0.33 0.26 104.3 1.7- 0.18
12 1343 0 1.18 108.8 .3 0.09
13 379 0 0.26 105.0 5.6 0.37
14 543 0 0.51 106.3 .3 0.40
15 1206 0 0.99 107.2 .4 0.20
16 766 327 0.69 0.55 107.0 4.1 0.36
17 457 274 0.33 0.26 104.3 2.0 0.81
18* 256 0 2.30 109.4 2.8 1.65
19 124*6 563 1.29 0.59 106.0 .7 0
20 392 146 0.12 0.09 104,7 7.5 1.00
21 882 0 0.56 i 106.6 3.6 0.83
22 641 479 0.27 0.14 101.3 4.9 0.99
23 141 0 0.07 104.0 4.3 0
24 641 0 0.35 103.8 4.0 2.02
25 814 394 0.68 0.50 107.3 3.8 0.73
26 1068 0 0.78 107.1 5.3 0.66


















1 222 0.18 107.1 3.6 0.76
2 352 0.42 107.5 4.3 1.04
3 573 0.76 107.1 2.2 0.49
4 482 0.62 108.1 3.1 0.38
5 636 1.09 108.1 3.2 0.47
6 0 • 99.2 10.0 3.90
7 286 0.19. 105.3 4.0 1.40
8 317 0.41 107.7 2.7 0.59
9 644 0.46 106.4 0 0.09
10 573 0.70 107.9 0 0.47
11 369 0.36 106.0 .9 ' 0.10
12 0 107.0 1.1 0.60
13 368 0.43 105.5 5.8 0.90
14 648 0.97 109.1 .1 0.10
15 0 106.9 1.0 0.50
16 402 0.55 106.5 6.4 0.79
17 0 105.8 2.9 0.45
18* 0 109.4 2.8 1.65
19 379 0.45 103.5 4.0 0.54
20 249 0.13 104.7 4.3 0.72
21 372 0.08 106.5 6.8 1.00
22 286 0.22 105.3 1.9 0.74
23 435 0.89 108.6 1.3 0.49
24 314 0.23 106.1 4.6 1.57
25 457 0.46 107.6 3.7 0.84
26 0 107.8 1.8 1.59
28 299 0.27 108.7 0 0.59
* So11-Cement
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was expected to be larger at short mixing tiroes than at long 
mixing times. A certain amount of mixing (5-7 minutes) was 
required to uniformly disperse the polymer in the soil. Below 
this mixing time the water resistance would be expected to increase 
rapidly with increased mixing of the polymer and the soil. Once 
completely mixed with the soil, the effect of increased polymer 
orientation should then become the more important property. To 
approximate the expected trend the mixing time was entered into 
the model as a square root function. The percent sodium hydroxide 
in the molding water and the intrinsic viscosity were assumed to 
be best represented on a linear scale, and were entered into the 
model as linear functions. The model to which the data was fitted 
was as follows:
Y = AQ + kxj? + A2/C + A^S + A^M*5 + A^V
+A6/PC + A? S/P + Ag M ,5/P + A9 V/P
+A1q S/C + An  K'5/C + A12 V/C + A ^  SM* 5 + A^SV + A^M* 5̂  (III-l)
where: P - Percent polymer
C = Carboxymethyl D.S.
S = Percent Sodium Hydroxide 
V = Intrinsic Viscosity 
M = Mixing Time
Aoi^l* ^15 = Constants to be estimated by multiple regression
analysis.
This mathematical model was chosen in order to evaluate any 
interactions between the variables. The data was also fitted to 
a model containing 3-factor interactions, however this model was 
not as satisfactory as the model with 2-factor interactions because 
of the low correlation coefficients obtained.
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In addition to calculating the predictive equation, the 
multiple regression analysis calculated an F-ratio that ranked 
the variables in the model equation in order of significance. The 
most significant variable was the one having the largest F-ratio, 
while the least significant was the one having the smallest F-ratio.
The optimum values of the independent variables to give 
maximum wet and dry strength were calculated from the model equa­
tion using an optimum-seeking numerical search technique (PATERN) 
developed in the Chemical Engineering Department, Louisiana State 
University, (6) Constraints were placed on the values the 
variables could take. The constraints were:
Variable Lower limit Upper limit
Percent polymer 0$ 5$
D,S. CM groups 0 .3
Percent sodium hydroxide 0$ 10$
Mixing time 3 min, 15 win.
Intrinsic viscosity 1 18
It was intended to place realistic constraints on the variables 
so that meaningful solutions would be obtained.
The original results from the multiple regression analysis 
are given in Appendix D, The results of the correlation obtained 
for each dependent variable are summarized in the following sections.
Dry Strength
A rather low correlation coefficient (r ) of 0,?2 was obtained 
for the correlation of the dry strength of soil-cement containing
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2polymer added in powder form. The low r can be attributed to 
scatter in the data and to the small number of variable combina­
tions tested (27 of 3115 possible). To determine if the low r^ 
was due to an inadequate mathematical model, the data was entered
into a second order equation on a linear scale and on a logarithmic
2scale. Very low r values ( ,*fl and ) for the models indicated 
the mathematical model being used was adequate.
In Figure 111-12 the predicted dry strength is compared with 
the experimentally observed dry strength. The data shown in the 
figure is given in Table Appendix D-l,
Table 111-2^ lists the relative significance of the variables 
in terms of their F-ratios, The five most significant variable 
interactions are also shown, A positive sign (+) in the Trend 
column means the value of the dependent variable tends to increase 
with an increase in value of the independent variable, A negative 
(-) sign means the dependent variable tends to decrease at higher 
values of the independent variable.
An attempt was made to calculate the optimum values of the 
variables that would give maximum dry strength. However the per­
cent polymer tended to go to zero and since it entered the model 
equation as the reciprocal, the predicted value of the dry strength 
was unreasonable. The direction the variables were moving as the 
predicted strength was increasing was of interest even though the 
strength predicted was not correct. The D.S, of carboxymethyl and 
the intrinsic viscosity also went to the lower constraints while 




Relative Significance of the Independent Variables on the
Dry Strength of Soil-Cement containing Polymer added as a
Powder
Variable F-ratio Trend
1. Percent polymer .479 -
2. Intrinsic viscosity .304 -
3. Percent sodium hydroxide .296 +
4. Mixing time .009 +
5. D.S. of carboxymethyl .001 -
Variable Interactions Trend
1. (Percent polymer)(Percent sodium 
hydroxide)
-
2. (D.S. of carboxymethyl)(Intrinsic 
viscosity)
-
3, (Percent sodium hydroxide)(Intrinsic 
viscos ity)
-
4. (Percent polymer)(Mixing time) +
5. (Percent polymer)(Intrinsic viscosity) -
The dry strength of several samples containing polymer added
in solution was measured. This was done to determine the effect on 
dry strength of the physical form of the polymer on addition to the 
soil. The dry strengths measured a comparison of the dry strengths 
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Figure 111-12. Experimental Versus Predicted Dry Strength 
of Soil-Cement Containing Alkali-Soluble 
Cellulose Derivatives.
Table 111-25
Comparison of the Dry Strength of Soil-Cement containing Polymer added as a Powder and in Solution
Experiment Sample Polymer Percent % Molding Mixing Dry Strength Density
Number Number Form Polymer Water Time(Min.) (psi) (lb./cu. ft.)
17 20-72-5 Powder 2.50 16.1 8.5 402 101.2
20-94-4 Solution 2.50 16.6 8.5 736 103.2
23 20-80-4 Powder 1.56 18.6 6.0 450 103.0
20-80-7 Solution 1.56 16.5 6.0 641 103.6
26 20-104-5 Powder 0.56 15.1 10.0 1068 107.1




An r2 of .67 was obtained for the correlation of the wet
strength of soil-cement containing polymer added in powder form
even though thirteen of the twenty-seven samples had zero strength
after 46 hours immersion. Some of the samples had rapidly fallen
apart in water in a manner similar to soil-cement at maximum density.
Others had disintegrated more slowly, but still failed before the
end of the 48 hours. No distinction could be made between these
two types of samples since both had zero strength after 48 hours
immersion. The lack of measured data on the thirteen samples was
expected to give a poor fit,
2An r of ,68 was given for the correlation of the wet strength 
of soil-cement to which the polymer was added in solution. The 
wet strengths of the samples made with the polymer added in solution 
were in general much better than the samples made with the polymer 
powder. Although the wet strength was not increased in every case, 
many samples that were not protected during immersion by polymer 
added in powder form, had appreciable wet strengths when the polymer 
was added in solution form. Due to the increased waterproofing, 
only five soil-cement samples made with polymer in solution failed 
upon immersion. It was expected that the fit would be improved by 
the larger number of measured wet strengths. The low r may have 
been caused by some factor in the experimental procedure. The most 
probable source of error was the unevenness of the sample ends 
after 48 hours immersion. Frequently samples containing polymer
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had a thin outer layer that was swollen by the water. While the 
swelling of the polymer was necessary to prevent the entry of the 
water, it also may have resulted in uneven sample ends.
It is recommended that in future work special care be taken to 
protect the ends of the samples from damage.
The relative significance of the variables and variable- 
interactions effecting the wet strength of soil-cement with polymer 
added as a powder or as a solution is given in Tables 111-26 and 
HI-27. The optimum value of the variables for maximum wet strength 
was calculated to boi
Optimum Value of Variables
Variable Polymer Added Polymer Added
as a Powder in Solution
Percent polymer 0 0
D.S. of carboxymethyl 0,3 0,3
Percent sodium hydroxide 10 0
Mixing time 15 15
Intrinsic viscosity 1.0 18
The predicted wet strengths were unreasonably large since the per­
cent polymer again went to zero. The maximum wot strength experi­
mentally observed were 653 psi for samples containing polymer added 
in powder form, and 675 psi for samples to which the polymer was 




Relative Significance of the Independent Variables on the
Wet Strength of Soil-Cement containing Polymer added as a
Powder
Variable F-ratio Trend
1. Percent sodium hydroxide 1.70 +
2. D.S, of carboxymethyl 0.72 -
3. Intrinsic viscosity 0.13 -
4. Mixing time 0.12 +
5. Percent polymer 0.08 -
Variable Interactions Trend
1. (Percent polymer)(Percent sodium 
hydroxide)
+
2, (Percent polymer)(Intrinsic viscosity) -
3. (D.S. of carboxymethyl)(Intrinsic 
viscosity)
-
4. (Percent sodium hydroxide)(Mixing time) +
5. (Percent polymer)(D.S. of carboxymethyl) +
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Table 111-27
Relative Significance of the Independent Variables on the 
Wet Strength of Soil-Cenient containing Polymer added in 
Solution
Variable F-ratio Trend
1. Percent polymer 4.21 +
2. D.S. of carboxymethyl 0.56 ”  4
3. Mixing time 0.37 +
4. Percent sodium hydroxide 0.31 +
5. Intrinsic viscosity 0,18 -
Variable Interactions Trend
1. (Percent polymer)(Mixing time)
*
+
2. (Mixing time)(Intrinsic viscosity) +
3. (D.S. of carboxymethyl)(Percent sodium 
hydroxide)
-
4. (D.S. of carboxymethyl)(Mixing time) -
5. (Percent polymer)(D.S. of carboxymethyl) +
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Two samples were made to test the accuracy of the predictive 
equation. These samples were made at the following variable levels: 
Percent polymer = 0,5 (added in solution)
D.S, of carboxymethyl = 0,066 
Percent NaOH = 5.0 
Mixing time =8,5 minutes 
Intrinsic viscosity =9.5 
The predicted wet strength was $80 psi, and the measured wet strengths 
were 675 and 663 psi.
Modulus
The modulus of elasticity of samples immersed for 48 hours 
before compression testing was not correlated since data was not 
available from the samples that failed during immersion. Inspection 
of the data shows that in general the modulus was reduced by immer­
sion at higher polymer concentrations and changed little at lower
polymer concentrations, A correlation was calculated for samples
otested dry and gave an r of ,86, No attempt was made to optimize 
the modulus since the optimum modulus depends upon the application 
and hence there is no fixed goal.
The order of significance of the variables effecting the modulus 
is given in Table 111-28, The five more significant variable 
interactions are also shown.
Maximum Density
The correlation of maximum density of soil-cement-polymer 
composites with the polymer being added as a powder gave a relatively
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Table 111-28
.R ela t ive  S ig n i f i c a n c e  o f  Independent  V ar ia b le s  on the Dry
Modulus of  Soil-Cement c on ta in ing  A lk a l i - s o l u b l e  C e l lu lo se
D er iva t ives
Variab le  F - r a t i o Trend
(1) I n t r i n s i c  v i s c o s i t y  .300 -
(2) Percent sodium hydroxide .097 +
(3) D.S. of carboxymethyl .080 +
(4) Percent polymer in s o i l  .009 +
(5) Mixing time .007 +
Variable  I n t e r a c t i o n s Trend
(1) (Percent  polymer)(Percent  sodium hydroxide) -
(2) (D.S. o f  c a rb o x y m e th y l ) ( In t r in s t c +
viscos  i ty )
(3) (Percent  sodium h y d r o x i d e ) ( I n t r i n s i c _
v i s c o s i ty )
(4) (Percent  sodium hydroxide)(Mixing time) -
(5) (Mixing t i m e ) ( I n t r i n s i c  v i s c o s i t y ) +
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2MgH r of .83. The correlation coefficient for the maximum 
density of soil-cement to which the polymer was added in solution 
was 0,71. The optimum values of the variables to give the maximum 
density attainable were not calculated since the results presented 
earlier showed that the strength was increased at water contents 
above the percent moisture necessary to give maximum density. This 
cast serious doubt on the premise that maximum density corresponds 
to maximum strength. However the effect of the independent variables 
on the density is of interest since the density does play an 
important role in the development of strength in stabilized soils.
The most significant variables and variable interactions for the 
two methods of polymer addition to the soil are given in Tables 
HI-29 and 111-30.
Weight Gain and Length Increase in 100$ Humidity
The correlation coefficients were low for the correlation of 
the weight gain and length increase during 28 days curing in the 
10$ humidity chamber. The correlation coefficient for the weight 
gain and length increase respectively were «6l and ,66 for soil-cement 
containing polymer added as a powder, and ,50 and ,52 for soil- 
cement containing polymer added in solution. It had been hoped 
that the weight gain and length increase in 10$ humidity would 
compensate for the lack of data on the weight gain and length in- 
crease upon immersion. However the low r values indicate a poor 
fit of the data. The low correlation coefficients probably reflect 
the experimental error due to the non-ideal conditions in the 10$
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Table 111-29
R e la t iv e  S ig n i f ic a n ce  o f  Independent V ar iab le s  on the 
Maximum Densi ty  o f  Soil-Cement c o n ta in in g  Polymer added 
as  a Powder
Var iable F - r a t i o Trend
1. I n t r i n s i c  v i s c o s i t y 4.37 -
2. Percent sodium hydroxide 1.49 +
3. Percent polymer 0.70 -
4. D.S. o f  carboxymethyl 0.17 +
5. Mixing time 0.11 +
V ar iab le  I n t e r a c t i o n s Trend
1. (D.S. of  c a rb o x y m e th y l ) ( In t r in s i c  
v i s c o s i ty )
+
2. (Percent  polymer)(Percent  sodium
hydroxide)
3. (Mixing t i m e ) ( I n t r i n s i c  v i s c o s i t y ) +
4. (Percent  sodium hydroxide) (Mixing time) -
5. (Percen t  polymer)(Mixing time) +
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Table  111-30
Relative Significance of the Independent Variables on the 
Maximum Density of Soil-Cement containing Polymer added in 
Solution
Variable F - r a t i o Trend
1. I n t r i n s i c  v i s c o s i t y 4.49 -
2. D.S. o f  carboxymethyl 3.80 +
3. Percen t  polymer 2.05 -
4 .  Percen t  sodium hydroxide 0.81 +
5. Mixing time 0.44 +
Variab le  I n t e r a c t i o n s Trend
1. (Percen t  polymer)(D.S.  of  carboxymethyl) -
2. (D.S. of  carboxymethyl)(Mixing time) +
3. (D.S. of  carboxymethyl)(Percent  
hydroxide)
sodium +
4 .  (P ercen t  polymer)(Mixing time) +
5. ( I n t r i n s i c  v i s c o s i ty ) (M ix in g  time) +
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humidity room. The humidity is maintained by continuously spray­
ing a fine mist of water through the air. Some of the very small 
water particles undoubtedly contacted the surface of the more 
exposed samples, while less-exposed samples were shielded from 
direct contact with the spray. Normally the small differences in 
percent weight gain and length increase in the 100$ humidity room 
would be masked by the more drastic changes on immersion. However 
measurements taken before immersion would reflect the effect of the 
added variable of sample exposure in the 100$ humidity room. The 
samples containing polymer added in solution were molded after the 
samples with polymer added as a powder. The samples made last were, 
in general, more exposed in the 100$ humidity room since they were 
usually placed in front of samples molded earlier, thereby shield­
ing the earlier samples from the direct spray. The increased number 
of samples containing polymer added in solution that were exposed 
to direct spray may be the cause of the low correlation coefficients 
obtained for these samples.
The results of the correlation of weight gain and length 
increase in 10Q$ humidity are tabulated in Tables HI-31 through
111-3**.
Table 111-31
R e la t iv e  S ig n i f i c a n c e  of  the  Independent  Var iab le  on the
Weight Gain o f  Soil-Cement con ta in in g  Polymer added as a
Powder
Variable F - r a t i o Trend
1. Mixing Time 2.20 -
2. Percent polymer 2.16 +  4
3. I n t r i n s i c  v i s c o s i t y 0.45 -
4.  D.S. o f  carboxymethyl 0.21 +
5. Percent  sodium hydroxide 0.01 -
Variab le  I n t e r a c t i o n s Trend
1. (Percent  polymer)(Percent  sodium 
hydroxide)
+
2. (Percent  polymer)(Mixing time) -
3. (D.S. of  c a r b o x y m e th y l ) ( In t r in s i c  
v i s c o s i ty )
-
4. (Percent  p o ly m e r ) ( I n t r i n s i c  v i s c o s i ty ) -
5. (Mixing t i m e ) ( I n t r i n s i c  v i s c o s i ty ) +
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Table 111-32
R e la t iv e  S ig n i f i c a n c e  o f  the Independent  V ar iab les  on the
Length In c rease  o f  Soil-Cement c o n ta in in g  polymer added as
a Powder
Var iable  F - r a t i o Trend
1. D.S. of carboxymethyl 2.05 -
2. I n t r i n s i c  v i s c o s i t y  0.42 +
4
3. Mixing time 0.21 +
4. Percent  polymer 0.21 +
5. Percent sodium hydroxide 0.11 +
Var iable  I n t e r a c t i o n s Trend
1. (D.S. of  carboxymethyl)(Mixing time) +
2. (D.S. o f  carboxymethyl)(Percen t  
sodium hydroxide)
+
3. (Percen t  polymer)(D.S.  o f  carboxymethyl) +
4.  (Percen t  polymer)(Percent  sodium 
hydroxide)
+
5. (D.S. o f  c a r b o x y m e th y l ) ( In t r i n s i c  




R e la t iv e  S ig n i f i can ce  of the Independent V ar iab les  on the 
Weight Gain of  Soil-Cement co n ta in ing  Polymer added in 
S o lu t ion
Var iable  F - r a t i o Trend
1. D.S. o f  carboxymethyl 1.42 -
2. I n t r i n s i c  v i s c o s i t y  0.87 +
4
3.  Percent  polymer 0 .36 +
4.  Mixing time 0 .13 -
5. Percent  sodium hydroxide 0 .13 -
V ar iab le  I n t e r a c t i o n s Trend
1. (D.S. o f  carboxymethyl)(Percent  polymer) +
2.  (D.S. o f  carboxymethyl)(Mixing time) +
3. (D.S. o f  carboxymethyl)(Percent  sodium 
hydroxide)
+
4 .  (Percent  sodium hydroxide)(Mixing time) +





Relative Significance of the Independent Variables on the
Length Increase of Soil-Cement containing Polymer added in
Solution
Variable F-ratio Trend
1. Intrinsic viscosity 2.26 +
2. Percent polymer 1.91 + *
3. Mixing time . 1.19 -
4. Percent sodium hydroxide 1.14 -
5. D.S. of carboxymethyl 0.35 -
Variable Interactions Trend
1. (Percent sodium hydroxide)(Mixing time) +
2. (Percent polymer)(Percent sodium 
hydroxide)
+
3. (Percent polymer)(Mixing time) -
4. (Percent sodium hydroxide)(Intrinsic 
viscos ity)
-
5. (Mixing time)(Intrinsic viscosity) -
>'
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Discussion of Results 
Compressive strength
The regression equation failed to predict reasonable answers 
for the optimum dry and wet strengths. Even though the predicted 
strength was unreasonable, th9 tendancy of the percent polymer to 
go to zero for optimum dry strength was plausible. It was shown 
earlier that when compared at approximately equal water contents, 
increasing the amount of a water-soluble cellulose derivative in 
soil-cement decreased the dry strength. The same trend of de­
creasing dry strength with increasing percent polymer persisted with 
soil-cement containing alkali-soluble cellulose derivatives. The 
alkali-soluble polymers appear to be competing with the portland 
cement for the water in the soil. At higher polymer concentrations, 
less water is available for cement hydration and the dry strength 
is reduced. The higher dry strength of soil-cement containing alkali- 
soluble cellulose derivatives indicated that less reduction in 
hydration of portland cement was occurring hero than in soil-cement 
made with water-soluble derivatives. This would be expected since 
cellulose derivatives with lower degrees of substitution are less 
hydroscopic than the water-soluble derivatives.
The tendency of the mixing time and percent sodium hydroxide 
to go to high values and the D.S, of carboxymethyl to go to a low 
value for maximum dry strength was not unexpected since these trends 
were found with soil-cement containing water-soluble cellulose 
derivatives. The trend of the intrinsic viscosity to low values 
at first seems usual. However the effect of molecular weight on
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the other properties of soil-cement accounts for the strength 
reduction. The reduction in strength at higher viscosities pro­
bably was a result of the decrease in density since the viscosity 
of the polymer solution was tho most significant variable in de­
creasing the density of soil-cement-polymer samples (Tables HI-29 
and HI-30).
High molecular weight polymers reduce the maximum density by 
aggregating soil particles together and increasing the resistance 
to compaction. In addition the increased hydrogen bonding and 
chain entanglement of the large molecules would make it more diffi­
cult for the polymer to go into solution. The large effect of the 
intrinsic viscosity on the density of samples molded with powdered 
polymer supports the belief that both the increased aggregation of 
soil particles and the increased difficulty of solution of the 
polymer combine to decrease the density.
The percent polymer tended to go to zero at maximum wet 
strength even though this did not happen with water-soluble polymers. 
Although the samples having maximum wet strength usually contained 
small amounts of polymer, many of the samples with a small percentage 
of polymer failed on immersion. Evidently factors other than just 
the percent polymer were important in the waterproofing of the soil. 
Examination of Tables HI-26 and HI-27 indicate that the inter­
actions of the percent polymer with the mixing time, intrinsic vis­
cosity, and percent sodium hydroxide in the molding water were also 
important.
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The predicted properties of the polymers for maximum wet 
strength wera different from the predicted properties of the 
polymers for maximum dry strength. Increasing the D.S, of 
carboxymethyl tended to improve the wet strength even though the 
dry strength was reduced. The addition of more of the bulky 
carboxymethyl groups on the polymer chain not only increased the 
number of cross-linking sites, but also tended to increase the 
amount of swelling of the polymers in water. The extra water­
proofing provided by the increased swolling improved the wet 
strength more than the added carboxymethyl groups reduced the 
cement hydration.
Two major differences existed between the predicted values 
of the variables necessary to give maximum wet strength for soil- 
cement containing polymer added as a powder and as a solution.
When the polymer was added as a powder, maximum wot strength was 
predicted at a high concentration of sodium hydroxide and a low 
Intrinsic viscosity. If the polymer was added in solution form, 
the predicted maximum wet strength was obtained at low percent 
sodium hydroxide and very high intrinsic viscosity. The key to the 
different trends is the form of the polymer on addition to the soil. 
The polymer powder must be dissolved and uniformly dispersed 
throughout the soil-cement in order to provide waterproofing. High 
percentages of sodium hydroxide and low polymer viscosities increase 
the rate of solution of the polymers and therefore give improved 
wet strengths. For samples containing polymer added in solution 
maximum wet strength did not depend upon the polymer going into
solution, but upon the ability of the polymer to swell and resist 
penetration of the water through the soil. The samples made at 
low percent sodium hydroxide contained polymers that were close to 
being water-soluble and these swelled extensively on contact with 
water. The high molecular weight polymers held the swollen soil 
more tenaciously than low molecular weight polymer, thus improving 
the water resistance.
The mixing time alone proved to be relatively insignificant 
in most instances. However the interactions of the mixing time 
with the percent polymer and with the intrinsic viscosity had 
important effects on the strength of the stabilized soil. These 
two interactions, along with the percent polymer, were the most 
important factors improving the wet strength when the polymer was 
added to the soil in solution. Longer mixing times improved the 
wet strength by uniformly distributing the polymer throughout the 
soil. The fact that the increase depended upon the concentration 
of polymer present is understandable since the polymer is the sub­
stance being dispersed and oriented. Similar reasoning accounts 
for the Interaction of viscosity and mixing time. The longer 
polymer chains had an advantage over the shorter molecules only if 
they were oriented and extended by mixing.
The relatively insignificant effects of the D.S. of carboxymethyl 
and the interaction of percent polymer and D.S, of carboxymethyl on 
the strength of soil-cement suggest that delayed ionization of some 
of the carboxylic acid groups improved the strength. The polyanions 
were not fully ionized in the presence of excess sodium hydroxide due
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to the mass action effect forcing some of the sodium ions to 
remain on the polymer chain* Complete ionization took place 
slowly as the sodium hydroxide was neutralized by the acidic clay.
The delayed ionization of the acidic groups on the polymer chain 
allowed the cement to hydrate with less interference. The delay 
in ionization also meant that more of the carboxymethyl groups 
tended to attach to the soil-cement hydration lattice rather than 
combine with free calcium ions.
Modulus
The most significant variable effecting the modulus of 
soil-cement-polymer samples was the intrinsic viscosity. An 
increase in polymer molecular weight increased the resiliency 
of the rigid soil-cement structure by aggregating the soil particles 
into larger, more elastic particles. When a compressive load was 
applied the longer polymer chains would extend more before rupturing, 
decreasing the modulus of elasticity and increasing the amount of 
work required to cause failure of the sample.
One of the important variable interactions was the percent 
polymer and the percent sodium hydroxide which combined to reduce 
the modulus. The ionic cellulose derivatives, in the presence of 
excess sodium hydroxide, were not in an extended configuration when 
added to the soil, but were coiled. The initial coiling of the 
polymer chains allowed more extension before rupture, decreasing 
the modulus.
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The modulus was increased at higher D.S. of carboxymethyl 
since the polymer chains were attached more frequently to the 
rigid soil-cement structure. The interaction of the D.S. of 
carboxymethyl and the viscosity was due to the effect of the length 
of the polymor chain between primary cross-links. Polymer chains 
with only a few primary bonds to the soil surface caused a decrease 
in the modulus of elasticity of the soil cement. Long polymer 
chains should decrease the modulus to a greater extent than short 
polymer chains due to greater extension before rupture. Large 
numbers of cross-links between the polymer and the soil would in­
crease the modulus of elasticity by decreasing the amount the polymer 
chains could extend before rupture.
Maximum Density
The most significant variable effecting the density was the 
intrinsic viscosity. The maximum density was reduced by high 
molecular weight polymer due to the increased aggregation of the 
soil. Increasing the percent polymer and the D.S, of carboxymethyl 
should increase the amount of soil aggregation and decrease the 
density. It was found that increasing the percent of substitution 
of carboxymethyl tended to increase the density. This was probably 
due to the increased coiling of the polymer chains in sodium 
hydroxide at high D.S. The coiling of the polymer chains would reduce 
their effective length so that less soil aggregation could take place.
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The mixing time was not a significant variable, but the inter­
actions of the mixing time with percent polymer and with intrinsic 
viscosity were important. A longer mixing time improved the density 
by uniformly distributing the polymer throughout the soil and 
orientating the polymer chains on the soil’s surface. Orientation 
of the polymer chains allowed closer packing than could be obtained 
if the polymer and soil were randomly mixed.
Effect of the Addition of Polymer in Solution on the Dry Strength
A correlation of the dry strength of soil-cement containing 
polymer added in solution was not possible since sufficient data 
was not available. In several instances comparison of the dry 
strengths of samples identical except for the method of polymer 
addition was possible. This data indicates that improvement in 
dry strength is achieved by adding the polymer in solution if the 
amount of polymer is large, but that at low polymer concentrations 
the method of addition did not appear to influence the strength 
to a large degree (Table HI-25).
The increase in strength obtained by adding the polymer in 
solution to the soil-cement probably was a result of more uniform 
dispersion of the polymer in the soil and increased orientation of 
the polymer chains. Polymer added as a powder required mixing 
just to go into solution. By adding the polymer already in solu­
tion to the soil, the effective mixing time was increased.
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Effect of Percent Molding Water on Soil-Cement-Polymer Properties
The soil-cement-polymer samples molded to determine the mols- 
ture-density relationship at each variable level were also used to 
determine the effect of percent molding water on the properties of 
the stabilized soil. Most of the samples not molded at optimum 
water content were compression tested after 48 hours of drying at 
ambient conditions. Some samples were dried at ambient laboratory 
conditions for 48 hours and then immersed for 48 hours before com­
pression testing to determine the dry-wet strength.
In general, increasing the percent molding water from 2 to 3% 
above the amount necessary for maximum density increased the dry 
strength of the samples (Figure III-13). However there were a few 
exceptions to this trend. The samples having higher strength either 
at optimum water content or drier than optimum water content usually 
contained a relatively large percentage of sodium hydroxide. As 
discussed earlier, NaOH increases the amount of moisture in the soil 
available for cement hydration. Although the strength of the samples 
often continued to increase with increases in the percent of molding 
water, at higher percent molding water a point was eventually reached 
at which the strength began to decline (Figure III-14) . The data 
shown in Figure 111-14 is taken from Table Appendix C-21.
The wet strength of soil-cement-polymer as well as the dry 
strength was increased at moisture contents 2 to 37, above the optimum 
value. The percent moisture giving the highest wet strength seemed to 
depend more upon the amount of polymer present in the soil than on 
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Figure 111-13. Comparison of the Percent Molding Water 
Giving the Lowest and Highest Dry Strength 
at Each Variable Level with the Moisture 
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Relationship of Strength and Density of Soil-cement Containing 
1.56% Polymer at Various Moisture Conents(Experiment 21)
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Che soil, the higher the percent molding water at maximum wet
strength: (Figure III- 15 The data shown in Figure 111-15 is taken
from Tables Appendix C-l, 2, and 8.
The maximum wet strengths obtained from the three experiments 
shown in Figure 111-15 appeared to correlate better with the pro­
duct of the percent polymer in the soil and the D.S. of carboxymethyl 
(CM) groups on the polymer than with either of these variables alone.
As shown below, the maximum wet strength tended to increase as 
the amount of carboxylic acid groups decreased.
Maximum Wet
% Polymer D.S. of CM (%Polymer)(D.S. CM) Strength (psl)
0.56 .150 .084 653
1.56 .120 .187 397
2.50 .066 .165 407
The data from these three samples can not be compared to the data 
taken at maximum density since samples at maximum density would not
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Figure III- 15. Effect of Percent Polymer on the Wet
Strength at Various Moisture Contents.
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Discussion of Results
The trend to higher dry strengths at higher moisture contents 
was not as pronounced with soil-cement containing alkali-soluble 
cellulose derivatives as with water-soluble derivatives. It was 
hypothesized that the water-soluble cellulose derivatives competed 
with the portland cement for the water in the soil, reducing the 
extent of cement hydration. Alkali-soluble cellulose derivatives, 
not being as hygroscopic as water-soluble derivatives, should have 
allowed more cement hydration to take place at equal moisture 
contents. This appeared to be the case since generally higher 
strengths were obtained with soil-cement containing alkali-soluble 
cellulose derivatives than with soil-cement containing water- 
soluble derivatives. If sufficient water was added to completely 
hydrate the cement, the maximum dry strength should be identical 
regardless of whether alkali- or water-soluble cellulose deriva­
tives are used. However the reduction in density at higher mois­
ture contents in some cases decreased the strength more than was 
gained by the added cement hydration.
The sodium hydroxide in the samples also appeared to effect the 
moisture-strength relationship. It was found that in general at 
higher sodium hydroxide concentrations less water was needed to 
achieve maximum dry strength. These results support the hypothesis 
advanced in section B of this chapter that the sodium hydroxide 
frees adsorbed water from the clay surface and makes it available 
for cement hydration.
The wet strength of soil-cement-polymer increased with percent 
molding water in a manner similar to the dry strength. The percent
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moisture at which maximum wet strength was obtained increased . 
larger amounts of polymer in the soil, indicating that the polymeri 
was competing to some extent with the portland cement for the water 
present. However if sufficient water was added to the soil, the 
maximum wet strength of the soil-cement containing 2.50% polymer 
was higher than the maximum wet strength of soil-cement with 1.56% 
polymer. This seemed unusual since the strength was normally 
reduced at higher polymer concentrations. Comparison of the 
product of percent polymer and D.S. of carboxymethyl groups indi­
cated that the strength was a function of the total number of 
carboxymethyl groups if sufficient water were available to com­
pletely hydrate the portland cement. Due to the difference in the 
D.S, of carboxymethyl, a smaller number of carboxymethyl groups 
were present in the sample containing 2.50% polymer than were 
present in the sample made with 1.56% polymer. The carboxymethyl 
groups do not prevent cement hydration by competing for the water 
in the soil, but rather prevent one of the major hydration products, 
Ca(0H)2> from forming strength producing compounds.
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Moisture-proofing Ability of Alkali-Soluble Cellulose Derivatives
The moisture profiles of selected samples were taken after 48 
hours immersion. The moisture profiles were measured in the same 
manner as described earlier for soil-cement containing water-soluble 
cellulose derivatives. The results of the tests are given in Table 
111-35. In Figure III-16, moisture profiles are shown of soil- 
cement containing:
1. No polymer
2. Water-soluble polymer (1%)
3. Alkali-soluble polymer (1.56%).
The alkali-soluble polymer had a relatively high D.S. of carboxy­
methyl (.19) and M.S. of hydroxyethyl (.10). In addition to the 
moisture profiles a measure of the waterproofing ability of alkali- 
soluble cellulose derivatives was the percent reduction in strength 
after immersion. Although there was considerable variation, in 
general soil-cement containing 0.56% polymer was reduced in strength 
on immersion by 50-60%. Samples containing 1.56% or more polymer 
were reduced in strength after immersion only 30-40%; however the 
initial dry strengths were low in the latter case.
To effectively waterproof a soil, a polymer must be able to 
adjust to loss of moisture as well as prevent excessive entry of 
water. Samples at several variable combinations were dried 48 hours 
at ambient laboratory conditions prior to immersion for 48 hours.
The strengths of these samples, named "dry-wet" strength, are given 
in Table 111-36 along with the wet strengths of similar samples 
immersed immediately after removing from the 100% humidity room.
Table 111-35
Moisture Profile for Soil-Cement containing Alkali-Soluble Cellulose Derivatives
Sample Percent D.S. Percent Intrinsic Mixing % Molding Percent Moisture at Radii*
Number Polymer CMC NaOH Viscos ity Time Water I.00-.67 .67-.34 .34-0
20-68-2 0.56 .15 8.57 16.2 8.5 12.9 18.4 17.5 19.0
20-74-2 0.56 .06 8.57 9.5 8.5 15.6 17.7 17.0 15.3
20-78-5 0.56 .15 8.57 16.2 3.0 14.5 20.1 19.3 18.0
20-60-3 1.56 .12 6.00 7.8 10.0 16.0 21.7 16.5 16.5
20-10-1 1.56 .00 6.00 12.7 5.0 17.4 29.4 19.5 15.0
20-58-3 1.56 .12 10.00 7.8 5.0 17.0 18.4 17.9 16.3
20-66-4 1.56 .19 2.00 5.1 5.0 16.4 18.8 15.7 12.6
20-72-4 2.50 .21 3.43 12.3 8.5 17.1 24.1 21.4 21.2
20-50-3 2.50 .06 8.57 9.5 8.5 13.9 20.8 18.6 17.0
20-52-6 2.50 .06 8.57 9.5 3.0 15.7 22.4 20.4 18.5
20-56-3 3.10 .12 6.00 7.8 5.0 16.2 26.6 19.8 17.7
20-76-5 3.30 .20 8.57 5.1 8.5 14.8 21.3 17.3 15.9
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Figure 111-16. Moisture Profile for Soil-Cement
containing No Polymer, Water-Soluble 
Polymer, and Alkali-Soluble Polymer.
Table 111-36
Comparison of Wet Strength of Soil-Cement-Polymer to Dry-Wet Strength
Experiment Percent D.S. Percent Mixing Intrinsic Strength (psi)
Number Polymer CMC NaOH Time Viscos ity Wet Dry-Wet
3 .56 .10 3.43 8.5 10.5 450 395
5 .56 .16 8.57 8w5 16.2 452 264
12 .56 .20 3.43 3.0 5.1 0 432
19 1.56 .00 6.00 5.0 12.7 279 181
25 1.56 .12 10.00 5.0 7.8 457 392
16 1.56 .12 6.00 10.0 7.8 402 431
15 1.56 .20 2.00 5.0 5.1 0 447
27 2.50 .06 8.57 3.0 9.5 281 226
20 3.11 .12 6.00 5.0 7.8 146 216
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To determine the effect of excessive moisture loss, one sample was 
dried at 110° C. for 24 hours to completely remove all moisture and 
then immersed for 48 hours. The strength was reduced from 665 psi to 
405 psi, a reduction of 39%. Some soil was lost from the sample very 
soon after immersion. However, after 48 hours most of the soil was 
intact except for a thin outer layer which had swollen. A moisture 
profile taken showed that approximately 18% water was present in all 
sections of the sample.
Discussion of Results
The moisture profiles for soil-cement containing alkali-soluble 
cellulose derivatives showed that essentially no waterproofing was 
achieved at low polymer concentrations (0.56%). At intermediate 
polymer concentrations some waterproofing was achieved, but less 
than with water-soluble cellulose derivatives. The waterproofing was 
also poor at high polymer concentrations due to the low density and 
large amount of void space.
The reduction in waterproofing by alkali-soluble cellulose deri­
vatives may have resulted from the reduced amount and rate of swell­
ing of these polymers. Unless sufficient polymer is available to 
swell and completely fill the outer voids of the sample, water will 
penetrate throughout the soil. When sufficient polymer is added to 
waterproof the soil, a slow rate of swelling of the polymer will 
allow considerable water to enter before stopping the flow. The 
moisture profiles shown in Figure III-. 16 indicate that improved water­
proofing of soil-cement was achieved with water-soluble cellulose 
derivatives which are quickly and highly swollen by water.
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The higher percent reduction in strength upon immersion of 
samples containing small amounts of polymer as compared to those with 
large amounts of polymer indicated improvement in waterproofing at 
higher polymer concentrations. However the lower initial dry 
strengths of samples with high polymer concentrations resulted in low 
wet strengths even though the percent reduction in strength was small. 
As mentioned previously, if sufficient water had been used, the ini­
tial dry strength would probably not have been reduced a large amount 
at higher polymer concentrations.
The effect of drying and then re-wetting on soil-cement was des­
tructive. The wet strength of soil-cement dried at ambient condi­
tions for 48 hours and then immersed for 48 hours was reduced 25%. 
Twelve hours drying at 110° C. before immersion reduced the wet 
strength 100%. The wet strength of samples containing polymer was 
not effectd by drying before immersion as severely as soil-cement 
samples. In some cases the dry-wet strength was larger than the wet 
strength. The samples immersed directly from the 100% humidity 
chamber contained considerable water already so that the adsorption 
of extra moisture during immersion caused the samples to fail. If 
the sample was dried before immersion the polymer in the soil appar­
ently prevented a fast rate of water entry so that some strength 
remained after 48 hours. Soil-cement containing 0.5% polymer that 
was dried for 24 hours at 110°C. still retained considerable strength 
after immersion. Although the polymer in the soil did not prevent 
the entry of water as was shown by the moisture profile, the polymer 
prevented the complete loss of strength by imparting flexibility to 
the soil-cement. The soil-cement without polymer was rigid and unable
to adjust to moisture changes so that internal stresses were deve­
loped that disrupted the structure. The presence of the polymer 
increased the resiliency of the soil-cement and slowed the rate of 
water adsorption so that the stresses in the system could be relieved 
without disrupting the entire structure.
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Microbial Decomposition of Cellulose Derivatives tn Clay Soils
Hydroxyethyl cellulose (HEC) with a very high molecular weight 
(viscosity of 100,000 cps at 2%) was used to test the resistance of 
cellulose derivatives to microbial decomposition in clay soils. Since 
the initial molecular weight was very high, any decomposition of the 
polymer would result in a large reduction in viscosity. The first 
step was to determine the rate of microbial degradation of the unpro­
tected polymer. A sample of a natural soil containing a large amount 
of decaying plant matter was slurried in water and then filtered.
The filtrate, containing unknown amounts and types of cellulose 
degrading bacterium, was used to make a 0.25% solution of HEC. The 
viscosity was measured at one day intervals for 4 days. The viscosity 
decreased 35% during the first 24 hours and 55% during the second 24 
hours. After four days the viscosity was only 7% of the original 
viscosity. A control solution of HEC had not decreased in viscosity 
over this same period.
Two soil-cement samples containing 5% HEC were molded. Tap 
water was added to one sample and the contaminated water containing 
cellulose degrading bacterium to the other. After curing for seven 
days equal amounts of the samples were placed in water in order to 
extract the polymer from the soil. The sample and water were mixed 
thoroughly for a period of several hours and then allowed to settle. 
The liquid was decanted and the concentration of the polymer in solu­
tion determined by drying a weighed amount of the solution. Only 
25-30% of the polymer in the contaminated sample could be extracted 
and 10-15% of the polymer in the control sample. After diluting 
until both solutions were at the same polymer concentration, the
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viscosities of the polymer solutions were measured. The viscosities 
of the two solutions were almost identical.
Since a high pH will suppress the growth of some types of bac­
terium, it was felt that the protection of the HEC from complete 
degradation in soil-cement might have been due to the presence of the 
portland cement. In order to determine if the silty-clay soil alone 
had a protective effect on cellulose derivatives, four samples con­
taining only soil, molding water, and 0.5, 1, 2, and 3% HEC were com­
pacted. After curing for 28 days in 100% humidity it was found that 
a mold-type growth had developed on the sample containing 3% polymer, 
indicating that polymer degradation was occurring. No growths 
appeared on the other samples. An attempt was made to extract the 
polymer from the samples and to measure the viscosity. However at 
the low polymer concentrations very little polymer went into solu­
tion. As an alternate means of determining the relative amounts of 
polymer degradation, a wet-sieve analysis was conducted on the four 
samples to measure the soil particle size. The analysis consisted 
of washing a weighed amount of the powdered samples through 
successively smaller sieves and measuring the amount of soil 
retained on each sieve. The results of the wet sieve analysis of 
the HEC samples four and one-half months after molding (three and 























Figure III47. Aggregate Size Distribution Four and 
One-half Months after Compaction for 




Microbial Decomposition of Cellulose Derivatives In Clay Soils
The experiments conducted to study the resistance of cellulose 
derivatives to microbial decomposition in clay soils were not meant 
to be conclusive. The goal of these experiments was to determine if 
cellulose derivatives would be quickly decomposed in clay soils.
Only one polymer, water-soluble hydroxyethyl cellulose (HEC), was 
tested at five conditions: 5% polymer in soil-cement and 0.5, 1, 2, 
and 3% polymer in soil.
The equal viscosities of the polymer extracted from two soil- 
cement samples containing 5% HEC, one of which was contaminated with 
cellulose degrading bacterium, show that the polymer was protected 
from complete degradation in the clay soil. However the fact that 
roughly twice as much polymer was extracted from the contaminated 
sample as from the control sample suggests that some polymer degra­
dation did occur. Low molecular weight cellulose molecules 
tend to go into solution faster than high molecular weight mole­
cules. Due to degradation, more low molecular weight molecules 
were present in the contaminated sample. These molecules were 
easily extracted by the water and increased the concentration of 
the polymer in solution.
The soil aggregating power of a polymer depends on both its 
concentration in the soil and its molecular weight. In general, to 
form soil aggregates of a particular size requires more low mole­
cular weight polymer than high molecular weight polymer. Figure 
III-9 shows that after four and one-half months the soil aggregate
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size distribution is similar for the samples molded with 1, 2, or 
3% polymer. These results indicate- that if the polymer concentra­
tion is less than 1% by weight of the clay soil, then it is pro­
tected from microbial decomposition. At polymer concentrations 
greater than 1%, microbial decomposition evidently occurs and 
reduces the soil aggregating power of the polymer.
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Economic Evaluation
It was stated in Chapter I that one of the advantages of using 
cellulose derivatives with a low degree of substitution in soil-stabi- 
lization would be their low cost. Commercially available carboxy­
methyl cellulose with a degree of substitution of 0.7 (CMC-7) costs 
approximately $.30 per pound to manufacture. (5) The manufacturing 
costs can be broken down to:
Cost per pound 
of CMC-7
1. Raw cellulose (purified) $0,120
2. Monochloroacetic acid (50% efficiency) 0.080
3. Sodium hydroxide 0.015
4. Solvent recovery 0.025
5. Purification 0.050
6 . Power, labor, and equipment 0.010
$0,300
If a solvent-free process were used, the cost of making unpurified
carboxymethyl hydroxyethyl with a low degree of substitution would be
considerably less than $.30 per pound. For example, the cost of
making carboxymethyl cellulose having a D.S. of 0.07 carboxymethyl
and an M.S. of .25 hydroxyethyl would be approximately:
Cost per pound 
of CMHEC
1. Raw cellulose (unpurified) $0,030
2. Monochloroacetic acid (50% efficiency) 0.008
3. Ethylene oxide (30% efficiency) 0.018
4. Sodium hydroxide 0.015
5. Power, labor, and equipment 0.010
$0,081
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This cost could be further reduced by using cheaper sources of cellu­
lose, such as bagasse, and increasing the efficiency of the chemical 
reactions. The cost would be increased if it were necessary to purify 
the product before use.
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Conclusions
1. Soil-cement can be waterproofed by the addition of cellulose 
derivatives at concentrations as low as 1% by weight of the soil.
2. When samples are compacted to maximum density, the dry and wet 
strength of soil-cement is significantly increased by the addi­
tion of cellulose derivatives to the soil. However soil-cement 
samples compacted at water contents wetter than the amount neces­
sary for maximum density develop higher dry strength without the 
addition of cellulose derivatives.
3. Wetting and drying of soil-cement results in volume changes which 
are accompanied by a pronounced loss, in strength. The strength 
loss is much less if the soil-cement contains a polymeric 
material. The polymer imparts sufficient resiliency to the soil- 
cement structure so that stresses developed during volume changes 
can be relieved without destroying the strength of the structure.
4. The maximum wet and dry strengths of silty-clay soil containing 
portland cement and cellulose derivatives does not occur at 
maximum density. The strength is significantly improved by 
increasing the percent molding water 2-47« above the amount neces­
sary for maximum density.
5. At a constant percent molding water, increasing the amount of a 
cellulose derivative in the soil reduces the dry strength. The 
reduction in strength is probably a result of competition between 
the polymer and the portland cement for the water in the soil.
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6 . Except for differences due to density, the dry strength of soil- 
cement is not reduced at higher polymer contents if sufficient 
water is added to hydrate the portland cement.
7. Increasing the number of carboxymethyl groups on the cellulose 
derivatives reduces the dry strength of soil-cement-polymer 
admixtures. The loss in strength is due to calcium ions from the 
cement hydration reaction being complexed by the acidic carboxy­
methyl groups. This loss of strength cannot be recovered by 
increasing the amount of moisture in the soil.
8. Maximum wet strength is attained with cellulose derivatives 
having a small D.S. of carboxymethyl, high swelling capacity, and 
high molecular weight.
9. The regression equations developed from the experimental data 
obtained from soil-cement containing alkali-soluble cellulose 
predict strengths within approximately 10% of the observed values. 
The predictive equations are not valid outside the experimental 
range of the variables.
10. The following conclusions were drawn in comparing alkali-soluble 
and water-soluble derivatives.
(a) Water-soluble cellulose derivatives are more effective water­
proofing agents than alkali-soluble derivatives due to more rapid 
and extensive swelling on contact with moisture.
(b) Alkali-soluble cellulose derivatives are less sensitive to 
moisture than water-soluble derivatives with similar numbers of 
carboxymethyl groups.
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(c) Soil-cement containing alkali-soluble cellulose derivatives 
develops higher dry strengths than similar samples made with 
water-soluble cellulose derivatives. The alkali-soluble deri­
vatives, being less hydroscopic than water-soluble derivatives, 
offer less competition for the moisture in the soil.
(d) The wet strength of soil-cement made with water-soluble 
cellulose derivatives is comparable to the strengths obtained 
when alkali-soluble cellulose derivatives are used.
11. Secondary bonding is important in the development of strength in 
soil-cement. Replacing the hydroxyl groups on the cellulose 
chain with substituent groups incapable of forming hydrogen 
bonds reduced both the wet and dry strength of soil-cement.
12. The addition of cellulose derivatives in solution form rather 
than powder form results in an improvement in the wet and dry 
strengths at polymer concentrations in excess of 1%.
13. The modulus of soil-cement containing cellulose derivatives is 
most influenced by the molecular weight of the polymers. The 
modulus is decreased by the addition of polymers having high 
molecular weight and few cross-linking sites.
14. Increasing the mixing time tends to improve the wet strength of 
soil-cement containing cellulose derivatives by uniformly dis­
persing the polymer throughout the soil and orienting the 
polymer chains. At low mixing times the dispersion of the 
polymer is the more important effect, while at high mixing times 
the orientation of the polymer chains is the more important.
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15. The maximum density of soil-cement is decreased by the addition 
of cellulose derivatives. The polymer chains tend to increase 
the soil’s resistance to compaction by increasing the aggrega­
tion of the soil. The longer the polymer chains the more pro­
nounced the decrease in density.
16. The swelling of soil-cement containing poly(acrylic acid) is 
due to delayed ionization of the carboxylic. acid groups until 
after compaction of the soil. The swelling can be prevented by 
ionization of the poly(acrylic acid) prior to compaction of the 
soil.
17. Small amounts of cellulose derivatives should be protected by 
the clay soil from microbial decomposition for a considerable 
length of time. This was demonstrated when a sample containing 
approximately 1% by weight of hydroxyethyl showed little degrada­
tion after four and one-half months exposure to microbial conta­
mination.
RECOMMENDATIONS
Cellulose derivatives having the following properties should be 
investigated in future research dealing with the waterproofing 
of soil-cement using polymers:
(a) The derivatives should have a low degree of substitution 
of carboxymethyl groups (O^D.S.^O.l) .
(b) The derivatives should be quickly and highly swollen by 
water, yet be insoluble.
(c) The molecular weight of the derivatives should be large if 
only one percent or less of polymer is added to the soil.
If larger amounts of polymer are to be added, the molecular 
weight should be decreased, and the polymer chains cross- 
linked .
(d) The substituent groups other than carboxymethyl added to 
the cellulose to increase its solubility should not decrease 
the hydrogen bonding capacity.
It is recommended that small amounts of a fast dissolving calcium 
source, such as calcium chloride, be added to the soil to react 
with the carboxylic acid groups on the cellulose derivatives.
This should quickly waterproof the soil and neutralize the acidic 
groups on the polymer. The hydration of the portland cement 
could then take place without interference from the carboxylic 
acid groups, or from swelling due to entry of excess water.
The formation of cross-links that are less water sensitive than 
calcium linkages should be investigated to improve the water 
resistance of polymers with only a few cross-linking sites.
The most beneficial cross-linking agents would increase the 
resistance of the cellulose derivatives to microbial decomposi­
tion as well as form water insensitive cross-links to the soil's 
surface. Inorganic cations such as copper or mercury may serve 
this purpose.
It was found that very high molecular weight cellulose deriva­
tives improved the water resistance of soil-cement, but decreased 
the density and the dry strength. The addition of cellulose 
derivatives of relatively low molecular weight (50,000 to 70,000) 
and cross-linking of the polymer chains "in situ" should increase 
the density and dry strength without decreasing the water resis­
tance .
Research should be conducted to determine the thickness of the 
soil-cement-polymer layer necessary to waterproof a soil. Sub­
stantial saving could possibly be achieved by addition of cellu­
lose derivatives to only the outer layer of a soil to prevent 
penetration of water into the interior. The percent cement 
mixed with the waterproofing polymer should be sufficient to 
maintain the wet strength of the outer layer at a level equal to 
the dry strength of the internal soil-cement.
Cellulose derivatives should be investigated for use in soil- 
cement containing various amounts of cement. By preventing the 
loss of a large percentage of the dry strength upon immersion, 
less cement may be required in certain applications.
The use of cellulose derivatives in other types of soils should 
be investigated in order to better define the areas where they 
would be most useful.
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8. It is recommended that the following changes be made in the 
experimental procedure:
(a) Soil-cement-polymer samples should be protected from direct 
contact with the water spray while curing in 100% humidity. 
This can be done by placing each sample under a waterproof
material such as a plastic sheet.
(b) The ends of the sample should be coated with a hydrophobic
substance such as wax before immersion in water. This 
would reduce the possibility of uneven softening of the 
ends of the samples.
(c) The minimum mixing time of soil-cement and polymer should
be set at the time necessary to uniformly distribute the 
polymer throughout the sample. Samples in which the poly­
mer was not uniformly distributed should be discarded.
9. In future research soil-cement containing cellulose derivatives 
should be compared at the percent molding water giving maximum 
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AASHO American Association of State Highway Officials
A(),...,Ai5 Constants in equation III-l estimated by multiple
regression analysis
a}>a2 Calibration constants defined in equation (II-8)
C Degree of substitution of carboxymethyl groups on
cellulose chain
c Polymer concentration, g./cc.
cq Cohesive strength of a soil
Cell-OH Cellulose molecule
CMC Carboxymethyl cellulose
CMC711 Carboxymethyl cellulose, defined in Table 111-10
CMHEC Carboxymethyl hydroxyethyl cellulose
CM11EC37L Carboxymethyl hydroxyethyl cellulose, defined in
Table IIX-10
cps Centipoise
D.S. Degree of substitution
O
d Soil lattice spacing, A
F-ratio Defines relative significance of variables in pre­
dictive equation (III-l)
f Correction factor for Brookfield cone plate visco­
meter
HEC-lOOm Hydroxyethyl cellulose, defined in Table 111-10
J 12 HS Methocel, defined in Table 111-10
K Martin constant defined in equation (11-13)
M Mixing time of polymer and soil, minutes





Nq Solvent viscosity, centipoise
Ns Solution viscosity, centipoise
NSp Specific viscosity, centipoise
N Intrinsic viscosity
OC-10,OC-20 Oxidized cellulose, defined in Table 111-10
P Percent polymer in the soil
P^ Effective normal pressure, psi
R Brookfield viscometer scale reading
r Shear rate
2r* Correlation coefficient from multiple regression
analysis
S Percent sodium hydroxide in molding water
s Shear resistance, psi
SI. S. Slightly soluble, defined in Table II-4
tan Coefficient of internal friction
V Intrinsic viscosity of experimental polymers
V. S. Very soluble, defined in Table II-4
x Defined by equation (II-6)
y Value of dependent variable in predictive equation
(III-l)
X-ray diffraction angle
Wavelength of diffracting x-rays
60HG-4000 Methocel, defined in Table 111-10




90HG-DDS Methocel,defined in Table 111-10
APPENDIX B
ORIGINAL EXPERIMENTAL DATA FOR 
WATER-SOLUBLE CELLULOSE DERIVATIVES IN SOIL-CEMENT
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Table Appendix B-l 

























10-95-1 292 0.31 105.28 9.3
10-95-2 0* ---- 107.15 12.3
10-95-3 995 1.30 107,90 13.7
10-95-4 580 0.80 105.97 11.4
*48-hour immersion
197
Table Appendix B-2 
Original Data for Methocel HG 65-1500 in Soil-cement
Sample Description
Silty-clay soil 450 g.
Portland cement 45 g.
Polymer 4.6 g.
Mixing time 3 minutes
Polymer viscosity 1360 cps












10-91-1 439 0.50 104.53 12.3
10-91-3 838 0.93 106.96 13.4
10-91-2 1060 1.23 107.96 16.0
10-91-4 357* 0.16 103,40 14.0
♦Tested after 46-hour immersion
198
Table Appendix B-3
Original Data for Methocel HG 65-4000 in Soil-cement
Sample Description
Silty-clay soil 450 g.
Portland cement ^5 g.
Polymer 6.8 g.
Mixing time 5 minutes
Polymer viscosity 4833 cps




Modulu s c Density 
(psixlO ) (lb./cu, ft.)
i> molding 
Water
10-90-1 316 0.27 104.28 11.4
10-90-4 808 1.05 106.53 14.3
10-90-2 913 1.23 107.52 15.^
IO-90-3 543* 0.76 109.27 13.3
♦Tested after 48-hour immersion
•
Table Appendix B-4 
Original Data for Methocel J12 MS-12,000 in Soil Cement
Sample Description
Silty-clay soil 450 g.
Portland cement 45 g.
Polymer 9.0 g.
Mixing time 7*5 minutes
Polymer Viscosity 12,000 cps










10-92-1 405 0.50 105.78 10.9
10-92-2 788 0.86 107.84 13.2
10-92-3 616* 0,86 108.34 14.7




Original Data for Methocel MC-STD-4000 in Soil-cement
Sample Description
Silty-clay soil 450 g.
Portland cement 45 g.
Polymer 11.5 g.
Mixing time 10 minutes
Polymer viscosity 4000





(psixlO" ) (Ib./cu, ft.)
i molding 
Water
10-93-1 387 0.32 101.91 9.6
10-93-2 0* ---  102.10 11.4
10-93-3 538 0.49 103.41 12.8




Original Data for Methocel HG 60-4000 in Soil-cement
Sample Description
Silty-clay soil 450 g.
Portland cement 45 g.
i Polymer 13.5 g.
1 Mixing time 7*5 minutes
Polymer viscosity 4000 cps





(psixlO ) (lb./cu. ft.)
molding
Water
10-94-1 357 0.27 97.17 11.7
10-94-2 231* 0.19 105.84 13.1
10-94-3 582 0.50 102.47** 14.1
10-94-4 812 0.86 105.03 15.8
*48-hour immersion
**Low density may be due to one molding piston reaching the end 
of its stroke too soon
Table Appendix B-7 






























ORIGINAL EXPERIMENTAL DATA FOR 
ALKALI-SOLUBLE CELLULOSE DERIVATIVES IN SOIL-CEMENT
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TABLE APPENDIX C- 1































20-78-1 1068 1.02 11.7 108.1 ' 1.6 .37
20-78-2 922 .80 13.9 ' 103.6 1.1 .18
20-78-3 397(W) .43 14.6 108.3 0.5 .19
20-78-4 1284 1.07 16.5 107.5 0.6 .29
20-78-5 389(W) .56 14.3 107.6 0.5 .19
20-78-6 653(W) 1.22 15.9 107.5 4.6 .47
20-78-7(S) 222(W) .18 17.1 107.1 3.6 .76
*
j
-(S) Polymer Added in Solution (DW) Sample Dried 48 hours Ambient, Immersed 48 hours 
(W) Sample Immersed 48 hours
TABLE APPENDIX C- 2































20-54-1 405 .29 12.3 104.2
20-54-2 814 .64 14.9 ' 102.8
20-54-3 397(W) .35 16.6 106.3
20-54-4 344(DU) .38 18.6 104.9
20-54-5 367(W) . 66 15.4 104.5 4.4 .72
20-54-6 63S .65 14.9 105.2 4.2
20-100-7(S) 352(W) .42 15.6 107.7 4.3 1.04
(S) Polymer Added in Solution (DU) Sample Dried 48 hours Ambient, Immersed 48 hours 
(U) Sample Immersed 48 hours
205
TABLE APPENDIX C- 3
































20-88-1 0 10.6 104.5
20-38-2 530 .63 12.2 ' 106.4
20-88-3 829 .73 13.9 106.5
20-88-4 • 450(W) .45 16.0 106.8
20-88-5 J  395(DU) .05 15.8 107.1 3.10 .47
20-88-6(S) 0(W) 13.9 105.7 .80 .29
20-88-7(S) 573(W) .76 15.9 107.1 2.20 .49
20-S8-8(S) 500 .42 10.8 102.5 3.03 1.25
(S) Polymer Added in Solution (DW) Sample Dried 48 hours Ambient, Immersed 48 hours 
(W) Sample Immersed 48 hours
206
TABLE APPENDIX C- 4































20-74-1 960 1.22 12.8 108.2 3.3 .29
20-74-2 480 (W) 1.72 15.6 109.1 3.4 .47
20-74-3 1106 1.35 14.1 109.1 2.6 .28
20-74-4 1194 1.04 17.6 107.3 3.0 .46




(S) Polymer Added in Solution (DW) Sample Dried 48 hours Ambient, Immersed 48 hours
(W) Sample Immersed 48 hours
207
TABLE APPENDIX C- 5































20-68-1 922 1.01 11.0 106.8 6.5
20-68-2 616(W) 1.07 12.9 ‘ 109.1
20-68-3 264(DW) .50 13.5 109.5 4.0
20-68-4 864 1.04 15.9 106.4 3.6 .47
20-68-5 0(W) 13.5 109.5
20-68-6 45 2 (W) .93 15.0 108.2
20-68-7(S) 636(W) 1.09 15.9 108.1 3.2 .47
<S) Polymer Added in Solution (DW) Sample Dried 48 hours Ambient, Immersed 48 hours
(W) Sample Immersed 48 hours 208
TABLE APPENDIX C- 6































20-86-1 0 14.0 101.2
20-86-2 339 .09 15.9 ' 100.4 5.01 1.57
20-86-3 0 16.3 101.0
20-86-4 0 17.8 99.9
20-86-5 0 16.6 101.7
20-86-6(S) 0(W) 21.0 99.2 10.00 ' 3.90
-
{S) Polymer Added In Solution (DW) Sample Dried 48 hours Ambient, Immersed 48 hours
(W) Sample Immersed 48 hours
209
TABLE APPENDIX C- 7































20-76-1 352 .23 13.5 102.5
20-76-2 729 .49 15.1 ' 105.0 3.9 1.36
20-76-3 616 .31 15.9 105.5
20-76-4 714 .58 17.9 103.7 5.4 .98
20-76-5 79 (W) .18 14.8 105.2
20-76-6(S) 286(W) .19 17.3 105.3 4.0 1.40
(S) Polymer Added in Solution (DW) Sample Dried 48 hours Ambient, Immersed 48 hours 
(W) Sample Immersed 48 hours
TABLE APPENDIX C- 8































20-50-1 216 .12 11.6 105.5 7.1 2.22
20-50-2 300 .25 14.4 ' 104.6 7.4 1.61
20-50-3 266(W) .27 13.9 106.3 5.0 1.34
20-50-4 352 .34 15.8 106.0 4.7 .89
20-50-5 297 .33 16.3 106.0 4.6
20-50-6 618 .59 16.6 106.0 4.1 .83
20-50-7 201(W) .23 13.7 105.2 6.1 .99
20-100-8(S) 317(W) .41 16.5 107.7 5.4 1.04
20-52-7(S) 761 .71 15.4 104.8 5.8 .77 ■
20-52-8(S) 407(W) .44 17.6 107.1 2.7 .59
<S) Polymer Added in Solution (DW) Sample Dried 48 hours Ambient, Immersed 48 hours
(W) Sample Immersed 48 hours 211
TABLE APPENDIX C- 9































10-So-l 631 .42 14.9 107.0 .4 .18
10-80-2 281 .31 14.2 • .104.0 .7 .80
10-80-3 377 .23 13.2 106.2 .8 0
10-80-4 616 1.07 14.9 105.6 .4 .09
10-80-5 783 .25 15.3 107.0 .3 .37
10-80-6 0(W) 15.3 108.1 .1 .09
10-80-7 869 1.44 14.9 108.2 0 .47
10-97-3(S) 644(W) .46 17.6 106.4 0 .09
.
(S) Polymer Added in Solution (DW) Sample Dried 48 hours Ambient, Immersed 48 hours 
(W) Sample Immersed 48 hours
TABLE APPENDIX C- 10































20-24-3 1152 .99 13.5 107.6 0.7 .09
20-24-4 1332 .81 16.6 ' 106.5 0 0
20-24-9 0(W) 15.0 106.0 0.5 0
20-24-10(S ) 573(W) .70 15.7 107.9 0 .47
(S) Polymer Added In Solution (DW) Sample Dried 48 hours Ambient, Immersed 48 hours
(W) Sample Immersed 48 hours
TABLE APPENDIX C- 11































20-90-l(S) 646 .30 19.2 104.4 0.3 .05
20-90-2(S) 553 .30 12.1 ' 106.1 0.5 .18
20-90-3(S) 450 .36 15.7 104.6 1.7 0
20-90-4(5) 369(W) .36 17.9 106.0 0.9 .10
20-72-3 457 .33 15.1 104.3 1.7 .18
20-72-4 274(W) .26 17.1 102.3
20-72-5 402 .28 16.1 101.2
‘
{S) Polymer Added In Solution (DW) Sample Dried 48 hours Ambient, limnersed 48 hours
(W) Sample Immersed 48 hours
TABLE APPENDIX C- 12































20-70-1 425 .49 11.2 106.4 • 1.9 .93
20-70-2 0(W) 12.8 ’ 108.8 1.0 .56
20-70-3 1343 1.18 14.7 108.2 .3 .09
20-70-4 432(DW) .41 17.8 107.0 0 .28
20-70-5 0(W) 13.0 107.7
20-70-6(S) 0(W) 15.7 107.0 1.1 .60
•
(S) Polymer Added In Solution (DW) Sample Dried 48 hours Ambient, Immersed 48 hours
(10 Sample Immersed 48 hours
TABLE APPENDIX C- 13
































20-82-1 379 .26 14.1 105.0
20-82-2 0(W) 15.9 104.9
20-82-3 Lost 16.6 104.8 5.64 0.37
20-82-4 597 .37 18.4 103.7 4.07 0.45
20-82-6(S) 368(W) .43 16.3 105.5 5.80 0.90
(S) Polymer Added in Solution
(W) Sample Immersed 48 hours
(DW) Sample Dried 48 hours Ambient, Immersed 48 hours
I
TABLE APPENDIX C- 14



















Polymer = 0.56 
Carboxymethyl
20-92-1(S) 1101 .94 9.3 107.7 0.4 .10
20-92-2(S) 64 8 (W) .97 12.0 ‘ 109.1 0.1 .10
D.S. = .003 
Percent NaOH
20-92-3(S) 945 .75 14.3 105.8 4.7 .39
In Molding 
Water ■ 3.43
20-92-4(S) 1294 .89 15.7 107.5 2.0 0
Mixing Time 
o 5 0  Min.





20-92-6 543 .51 14.4 104.5 2.7 .40
20-24-2 0(W) 12.3 106.3
{S) Polymer Added In Solution (DW) Sample Dried 48 hours Ambient, Immersed 48 hours
(W) Sample Immersed 48 hours 217
TABLE APPENDIX C- 15































20-66-1 907 .93 10.9 106.3 0.7
20-66-2 0(W) 13.1 107.1 2.8
20-66-3 1206 .99 14.2 104.7 0.4 .20
20-66-4 447(DW) .44 16.4 107.1 0
20-66-5 0(W) 14.2 107.2
20-66-6(S) 0(W) 16.3 106.9 1.00 .50
(S) Polymer Added In Solution
(W) Sample Immersed 48 hours
(DW) Sample Dried 48 hours Ambient, Immersed 48 hours
TABLE APPENDIX C- 16































20-60-1 766 .69 12.4 106.8 • 4.1 .36
20-60-2 32 7 (W) .55 14.5 ■ 106.9 3.2
20-60-3 431(DW) .54 16.0 105.1 3.0 .27
20-60-4 347 .28 17.8 103.6 4.1 1.16
20-60-7(S) 402(W) ' .55 13.4 106.5 6.4 .79
-
(S) Polymer Added in Solution (DW) Sample Dried 48 hours Ambient, Immersed 48 hours 
(W) Sample Immersed 48 hours
TABLE APPENDIX C- 17































20-72-1 0 12.1 104.0
20-72-2 0 14.0 104.5
20-72-3 457 .33 15.1 104.3 2.0 .81
20-72-4 274(W) .26 17.1 102.3
20-72-5 402 .28 16.1 101.2 2.9 .45 -
20-94-1(S) 231 .20 12.3 101.5
20-94-2(S) Lost 13.8 105.6
20-94-3(S) 0(W) 15.0 105.8
20-94-MS) 736 .28 16.6 103.2
(S) Polymer Added in Solution (DW) Sample Dried 48 hours Ambient, Immersed 48 hours 
(W) Sample Immersed 48 hours 220
TABLE APPENDIX C- 18































20-40-l(S) 395 .44 11,6 104.1 1.6 .57
20-40-2(S) 379 .55 13.1 ' 107.9 0.9 .88
20-40-3(S) 299(W) .27 15.0 108.7 0 .59




(S) Polymer Added In Solution (DW) Sample Dried 48 hours Ambient, Immersed 48 hours
(W) Sample Immersed 48 hours
TABLE APPENDIX C- 19































20-9-1 1246 1.29 13.9 106.0 ■ 0.7 0
20-9-2 563 .59 13.8 ' 106.0 0.7 .09
20-10-1 181(DW) .18 17.4 105.0
20-12-2 279(W) .43 15.2 104.5
20-13-1 ■ 0(W) 13.9 106.0 0.4
20-14-2(S) 379 (W) .45 15.0 103.5 4.0 .54
•
(S) Polymer Added in Solution (DW) Sample Dried 48 hours Ambient, Immersed 48 hours
(W) Sample Immersed 48 hours 222
TABLE APPENDIX C- 20































20-56-1 392 .12 15.3 102.7 7.5 1.00
20-56-2 146(W) .09 16.1 ■ 104.6 5.1
20-56-3 216(DW) .14 16.2 104.7 4.6
20-56-4 472 .16 18.6 102.8 3.6
20-56-6 0(W) 14.6 102.0
20-56-7(S) 249 (W) .13 16.8 104.7 4.3 .72
{S) Polymer Added In Solution (DW) Sample Dried 48 hours Ambient, Immersed 48 hours
(W) Sample Immersed 48 hours 223
TABLE APPENDIX C- 21































20-64-1 0 13.6 105.4 4.3 .37
20-64-2 882 .56 14.2 ' 106.6 0.5
20-64-3 932 .61 16.8 105.6 0
20-64-4 822 .49 17.7 104.8 3.6 .83
20-64-5 0(W) 14.5 105.2 -
20-64-6 0(W) 12.0 107.4
20-64-7(S) 372(W) .08 13.0 106.5 6.8 1.00
(S) Polymer Added In Solution (DW) Sample Dried 48 hours Ambient, Immersed 48 hours 
(W) Sample Immersed 48 hours
TABLE APPENDIX C- 22































20-106-2(S) 590 .54 14.3 106.8
20-106-3(S) 372 .56 16.8 ' 103.4 4.9 1.20
20-106-4(S) 286(W) .22 19.1 105.3 1.9 .74
20-107-1 641 .27 19.9 101.3 4.9 .99
20-045-1 479(W) .14 17.0 98.7 -
.
<S) Polymer Added la Solution (DW) Sample Dried 48 hours Ambient, Immersed 48 hours
(W) Sample Immersed 48 hours 225
TABLE APPENDIX C- 23































20-80-1 141 .07 15.7 101.0 4.3 0
20-80-2 Lost 16.4 102.2 3.5 1.04
20-80-3 0(W) 16.1 104.0 5.0 1.53
20-80-4 450 .19 18.6 103.0 5.3 2.80
20-80-5(S) 563 .46 12.6 108.5 1.9 .57 -
20-80-6(s: 435 (W) .89 14.7 108.6 1.3 .49
20-80-7(S) 641 .45 16.5 103.6 5.0 1.12
•
(S) Polymer Added in Solution (DW) Sample Dried 48 hours Ambient, Immersed 48 hours
(W) Sample Immersed 48 hours 226
TABLE APPENDIX C- 24































20-98-1 239 .05 11.0 102.4
20-98-3 0(W) 14.5 101.3
20-98-4 641 .35 14.3 102.2
20-98-5 0(W) 14.9 103.8
20-98-6(£ ) 204(W) .09 11.3 98.1 •-
20-98-7(S ) 261 .18 14.0 103.8 4.0 2.02
20-98-8(E ) 314(W) .23 14.7 106.1 4.6 1.57
<S) Polymer Added in Solution (DW) Sample Dried 48 hours Ambient, Immersed 48 hours
(W) Sample Immersed 48 hours
TABLE APPENDIX C- 25































20-58-1 580 .38 15.0 105.9 • 1.2 1.04
20-58-2 814 .68 16.5 ' 106.8 0 .66
20-58-3 392 (DW) .60 17.0 107.3 .66
20-58-4 302(DW) .34 18.9 105.5 3.8 .73
20-58-5 445 .40 15.8 106.2 5.0 -
20-58-6 394(W) .50 16.2 107.8 3.4
20-58-7(S) 457(W) .46 16.9 107.6 3.7 .84
•
(S) Polymer Added In Solution (DW) Sample Dried 48 hours Ambient, Immersed 48 hours
(W) Sample Immersed 48 hours 228
TABLE APPENDIX C- 26































20-104-1(S) 0 9.1 100.2
20-104-2(S) 0 11.2 ' 104.0 2.9 1.71
20-104-3(S.) 0(W) 12.2 107.8 1.8 1.59
20-104-4(S) 869 .85 16.5 105.6 3.0 .50
20-104-5 1068 .78 15.1 107.1 5.3 .66 -
(S) Polymer Added la Solution (DW) Sample Dried 48 hours Ambient, Immersed 48 hours
(W) Sample Immersed 48 hours 229
TABLE APPENDIX C- 27































20-52-1 176 .08 14.7 103.0 9.6 2.68
20-52-2 214 .13 15.1 ' 104.3 7.0
20-52-3 108 .10 15.7 105.1 5.7
20-52-4 226(DW) .15 17.6 104.6 3.8
20-52-5 568 .35 17.7 105.5 4.8 1.10 -
20-52-6 2SI (W) .18 17.3 105.5 4.7
1J
1
(S) Polymer Added In Solution (UW) Sample Dried 48 hours Ambient, Immersed 48 hours
(W) Sample Immersed 48 hours 230
APPENDIX D
COEFFICIENTS OF TERMS IN MODEL EQUATIONS 
AND OBSERVED VERSUS PREDICTED VALUES FOR 
THE DEPENDENT VARIABLES OF SOIL-CEMENT 
CONTAINING ALKALI-SOLUBLE CELLULOSE 
DERIVATIVES
231
TABLE APPENDIX D- 1
Coefficients of Terms in Model Equation and-Observed versus Predicted Values
For the Dry Strength of Soil-Cement Containing Polymer Added in Powder Form
VARIABLE COEFFICIENT F-Ra tio
1/P 2 . 9 1 2 0 0 4 4E 0 2 4 . 7 R 9 7 3 F - G 1
l / c 1 . 9 1 3 7 8 0 . ?E CO 1 . 2 5 2 4 9 E - 0 3
s 9 . 4 3 3 4 C 4 5 E 01 2 . 9 6 0 6 7 E - 0 1M**.5 A . 1 0 9 8 1 4 5 E 01 9 . 6 1 G C 9 E - 0 3
V - 6 . 6 4 9 R 0 0 1 F 01 3 . 0 4 C 8 8 E —011/P*C -  1 . 9 9 3 0 124E 0 0 7 . 9 4 8 3 6 5 - 0 2S/P 7 . 0 9 2 8 7 1 1 5 01 5 . 0 2 4 6 7 E  0 0
M**.5/P -  1 . 7 7 9 3  I7C5 02 9 . 5 1 2 0 9 5 - 0 1V/P 2 . 3 1 3 9 1 9 1 5 01 9 . 0 2 7 7 3 5 - 0 1
S/P - 1 . 5 9 3 0 3 7 2 F - 0 1 2 .56 94  35 — 0 3
M**.5/C - 1 . 7 6 4 9 7 8 2 5 0 0 1 . 6 6  R 4 6 F - 0 2
V/C 4 . C 1 6*3 69 9F-■01 3 . 4 1 9 2 5 F  0 0
S*M**.5 -  1 . 9 0 8 7 2 19F 0 1 R . 2 9 C 6 G E - C 2
S*V -  1 .  18 5C 39  BE 01 2 . 1 0 2 0 9 E  CO
M**.5*V 2 . 3 3 2 7 0 3 7 F 0 1 3 . 6 3 2 8 2 E - 0 1
CONSTANT MULTIPLE F
6 • 7 5 C 0 3 9 1 E  0 2  1 .  8 9 9 5  73E 0 0
R-SQUARE
0 . 7 2 1 4 7 4
RUN OBSERVATION PREDICTION
1 9 . 2 2 0 0 G C E 0 2 9 . 3 5 0  7 2 OE 0 2
2 6 . 3 8 C 0 0 0 E 02 7 . 2  8509CF 0 2
3 8 . 2 9 G 0 0 0 E 02 9 . 5 9 6 162F 0 2
4 1 . 1 0 6 0 0 0 E 03 1 . 2 C 1 5 6 9 F 0 3
5 8 . 6 4  0U00E 0 2 8 . 7 5 6 6 3 3E 0 2
6 3 . 390GG0E 02 3 . 6 8 9 9 1 2 5 0 2
7 7 . 2 9 0 G C 0 F 0 2 7 . 5 2 1 8 9 9 E 0 2
8 6 .  18CQQCE 0 2 4 . 1 6 1 8  33F 0 2
9 8 . 69 G0 GG E C2 7 . 7 3 4 2 7 2 5 0 2
10 1 .  15200CE 03 9 . 9 3 9 7 2 4 E 0 2
11 4 . 5  700GGE 0 2 4 . 3 4 9 1 8 ?F 0 2
12 1 . 3 4 3 0 G 0 E 0 3 1 . 2 2 1 4 1 7E 0 3
13 3 . 7 9 0 0 0 OE 0 2 8 . 7 7 7 0 0 2 F 02
14 5 . 4  300GGE 02 5 . 4 1 4 1 0 4 E 0 2
15 1 . 2 0 6 G G 0 F 0 3 7 . B G 3 0 5 7 F 02
16 7 . 6 6 0 0 G 0 F 02 7 . 1  1 3 2 3 7 1 0 2
17 4 . 5  7GC00F 0 2 5 . 7 7 7 2 2 2 5 0 2
18 2 • 5 6 0 0 0 0 E 0 2 2 . 7 5 0 3 6 1 E 0 2
19 I . 246GQCE 0 3 1 . 2 5 7 8 1 3 5 0 3
2 0 3 . 9 2 G 0 0 G E G? 5 . 7 6 5 1 3  7F 0 2
21 8 . 8  2G0G0E 0 2 7 . 1 5 9 0 3 1 5 0 2
22 6 . 4 1 0 0 0 0 E 0 2 o • R06 31 IE 0 2
23 I . 4 1000CE 0 2 3 . 7 3 2 6 9 0 E 02
2 4 6 . 4 1 0 0 0 0 E 0 2 6 . 7 3 5 4 2  5E 0 2
2 5 8 . 1 4 0 0 0 0 E 0 2 7 . 3 1 8 C 2 5 E 0 2
26 1 . 0 6 8 0 0 0 E 0 3 1 . G 3 1 3 1 2 E 0 3
2 7 5 . 6  8 0 0 0 OF 0 2 3 . 9 4 6 5 8 4 E 02
TABLE APPENDIX D-2
Coefficients of Terms in Model Equation and Observed versus Predicted Values
For the Wet Strength of Soil-Cement Containing Polymer Added in Powder Form
VARIABLE COEFFICIENT F -Ra tio RUN OBSERVATION PREDICTION
1/P
1/C
8.4384357F 01 8 .24 760F—0? 1 3.39QCGQE 02 3 .0 776 0 ̂ F 023.1995514F 0 1 7 . L7855F-C1 2 3■970000F 02 1 . 7 8 9 8 19 £ 02S 1.5765727t 02 1.69570F CO 3 4.50G0G0E 02 1 .559294F 02M**.5 1.0290 134F 02 1.23535E-C1 4 4.8 C0000E 02 4 . 1 3 70 3 1F 02V -3.0Riy9a5F 01 1.3 3933E-01 5 4.5 20000F 02 4.571494E 021/P*C -4. 2941 12 2 F 00 7.47089F-C1 6 0.0 6.4 T6538E 01S/P 3.7496 3 72F 01 2.87952F 00 7 0 .0 1 .02697OF 02M**.5/P 1. 7236A04E 01 1.83033F-G? 8 2.66000OF 02 1 .26936 IF 02V/P - 1.84 72 3 39F 01 1.17982F CO 9 0.0 1 .333040E 02S/P - 1.6252871E 00 5 . ̂  8 2 0 6F — 01 10 0.0 1 .22t»089F 02M**.5/C - 7.6214 943F CO 6 .06 666F—01 11 2.740G00F 02 ? .600508E 02V/C - 1.6241 026E--01 I.14633F 00 12 0.0 1.4 80903E 02— 4 • 47 42 752F 01 9.34 I43F— 01 13 0.0 - 3 .906055E 01S*V - 1. 51 82 152E 00 7.07486F-C2 14 0.0 -6.5341H0E OG
M**.5*V 2.2703629E Cl 6.76 33 IE —01 15 0.0 -3 .27 1240F 01
16 3.2 7C000F G2 I .439717F 02
CONSTANT MULTIPLE F 1 7 2.7400OOF 02 1.717632E 021 8 0.0 -3.763916F 00-6•2139624E 02 1.49 7826E 00 19 5 •6 30000E 02 5.510469F 02
20 1.46000QE 02 1 .737937H 02
21 0.0 1 .53301 3F 02
22 ' 4 . 790000E 02 5 • 009890F 02
23 0.0 1 .232920F 02









27 2.81C000F 02 3.2 82229F 02 233
TABLE APPENDIX D-3
Coefficients of Terms in Model Equation and Observed versus Predicted Values
For the Wet Strength of Soil-Cement Containing Polymer Added in Solution Form
VARIABLE COEFFICIENT F -Ra tio RUN OBSERVATION PREDICTION
1/P - 6 .  1 7 0 0 2 5 9 E 02 4 . 2 0 6 2 1 c  0 0 1 2 . 2 2 0 0 0 0 E 02 2 • 9 L 2 2 4 6 G 0 21/C 2 . 7 2  3 0  5 45 F 01 5 . 6 3 4 2 3 F - 0 1 2 3 . 5 2 0 0 0 0 E 0 2 2 . 7 2 2 2 1 9 E 0 2s 7 . 4 3 9 7 9 5 5 E Cl 3 . 0 6 0 2 2 F - G 1 3 5 . 7 3 0 0 0 0 E 0 2 4 .1 6 8 2 7 4 E 0 2M**.5 1 .  8 0 6 4 3 4 0 E 02 3 . 7 0 7 3 1 E - 0 1 4 4 . 8200CCE 0 2 5 . 2 0 4 1 9 9 E 02V - 3 . 6 9 7 7 8 5 9 6 01 1 .  8 4 2 6 7 6 - 0 1 5 6 . 3 6 0 0 0 0 E 0 2 6 . 5 6 3 1 5 2F 0 21/P*C - 2 . 6 9 2 9 7 5 OG 0 0 3 . 2 2 7 6 9 6 - 0 1 6 0 . 0 1 . 9 5 0 5 9 6 F 02S/P -  1 .  8 0  76 71 86-- 0 1 7 . 9 4 6 3 9 E —05 7 2 .  8 6 0 0 0 0  E 0 2 3 . 4 1 3 4  3 0 E 0 2M**.5/P 2 . R1 51 19 6 E 0 2 4 . 5 2  362F 0 0 8 3 .  1 700C0F 0 2 2 . 3 4 5 1 3 6 E 0 2V/P 1 . 0 2 6 4 0 7 2 G 0 0 3 . 8 7 3 4 7 6 - 0 3 9 6 . 4 4 0 0 0 0 F 02 6 . 9 0 6 0 6 9 6 0 2S/P -  1 . 8 3 0 9 6 5 0 E o c 7 .  53C30E —01 10 5 . 730G00E 0 2 2 . 8  6 3 3 9 1 6 0 2M**.5/C - 6 . 6 3 4 1 707E 0 0 5 . 0 0 8 4 5 E - 0 1 11 3 . 6 9 0 0 0 0 E 02 3 . 6 7 3 6 7 4 6 0 2V/C 4 .  6 4  99 84 16-- 0 2 3 . 9 1 1 9 4 E - 0 2 12 0 . 0 - 3 .  7 74 7 706 01S*M**.5 - 2 . 9 9 0 7 5 6 2 E 01 3 . 0 6  3 14E- G1 13 3 . 6 8 0 0 0 G E 0 2 2 . 8 7 8 5 0 3 6 0 2S*V 6 .  1 6 6 4 6 1 0 E 0 0 1 . 6 9 4 6 3 E  0 0 14 6 . 4 8 0 0 0 0 E 0 2 6 . 3 6 9 9 7 8 6 0 2M**.5*V -  4 . 8 0 0 8 9 0 C E 0 0 2 . 6 1 9 9 0 E - 0 2 15 0 . 0 1 . 8 0 1 9 9  56 0 2
16 4 . 0 2 0 0 0 0 E 0 2 3 . 5 4 197CE 0 2
17 0 . 0 9 . 5  9 6 6  34 6 0 1
CONSTANT MULTIPLE F 18 - 0 . 0 1 . 9 8 9 6 2 9 6 01
- 1 • 0 4 5  2 8 3  IE 0 2 1 . 5 4 4 3 8 8 E  0 0 19 3 . 7 9 0 0 0 0 E 0 2 3 . 8  6 2 5 7 1 F 0 2
2 0 2 . 4  9 0 0 00E 02 2 . 7 3 4 8 1 9 E 0 2
21 3 . 7 2 0 0 0 0 E 0 2 3 . 3 2  3540E 0 2
r - s q u a r e 22 2 . 8 6 0 0 0 0 6 0 2 2 . 9 6 3 9 4 5 6 0 2
0 . 6 7 6 1 1 1 2 3 4 . 3 5 C 0 0 0 F 02 1 . 7 0 2 9 6 6 6 0 22 4 3 . 1 4 0 0  COE 0 2 4 . 0 6 5 9 7 7 6 0 2
2 5 4 . 5  7 0 0 0 0 E 0 2 4 .  3 2 7 6 8 3 6 02
26 0.0 2 . 5 3 5 1 0 C 6 02
2 7 2 . 9 9 0 0 0 0 E 0 2 2 . 6  1 2 3 9 0 E 0 2 234
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Coefficients of Terms in Model Equation and Observed versus Predicted Values

















6. 3-‘*02 8335-02 
■ 1 .C454C665-02 
1.78731165-02






5. 5273 8325-04 
2.66 2fa4055-0 3
1. 7495 4135-05 
• 1.1653825E-02 








3 . 804 7CE 00 
















1 1 . 7 1 6 9 9 9 b 00 1 . 7 2 7 3 1 4 E 0 0
2 1 . 7 2 4 0 0 0 5 CO 1 . 6 9 2 9 9 1 5 0 0
3 1 . 7 1 7 9 9 9 E 0 0 1 . 6 6 3 4  3 55 OC
4 1 • 7 3  3999E 0 0 1 .  7 4 2 0 3 2 E 0 0
5 1 . 7 3  3 0 00E C 3 1 . 7 3 0 3 8 5 5 0 0
6 1 . 5 9 1 0 C 0 E CO 1 . 6 3 3 7 6 2 5 CO
7 1 . 6 8 8 9 9 9 F CO 1 . 6 8 0 4 2 9 5 0 0
8 1 . 7260OQF 0 0 1 . 7 2 4 8 5 4 E 0 0
9 1 . 7 0 5 9 9 9 E GO 1 . 7 C 8 4 4 1 E 0 0
10 1 . 7 3 0 0 0 0 5 CC 1 . 7 0 0 7 6 7 E 0 0
11 1 . 70 0 0 0 C E 0 0 1 . 7 0 0 1 S 8 F 0 0
12 1 . 7 1 6 0 0 0 E o c 1 . 7 1 7 4 4 1 E 0 0
13 1 . 6 9 1 9 9 9 E 0 0 1 . 7 1 6 2 9 9 5 0 0
14 1 . 75 0 0 C 0 E 0 0 1 . 7 4 9 5 6 2 E 0 0
15 1 . 7 1 4 0 0 0 E 00 1 . 6 9 7 8 5 3 E 0 0
16 1 . 7 U7999E CO 1 . 7 0 8 2 6 9 5 0 0
17 1 . 6  9 5 9 9 9 E Oo 1 . 7 0 3 7 0 2 5 0 0
18 1 . 754C00E o c 1 . 7 5 4 6 2 0 E 0 0
19 1 . 6 6 0 0 0 0 E 0 0 1 . 6 6 2 7 5 8 E 0 0
2 0 1 . 6  7 7 5 9 9 E 00 1 . 6 6 7 0 6 0 E 0 0
21 1 . 7 C 7 9 9 9E 0 0 1 . 7 0 4 1 9 8 E 0 0
22 1 . 6 8 8 9 9 9 E CO 1 . 6 8 8 8 8 6 5 00
2 3 1 . 74 2 0 0 C E o c 1 . 7 0 6 6 1 0 E 0 0
2 4 1 . 7 0 0 9 9 9 E o c 1 . 7 2 5 5 0 4 E 0 0
2 5 1 . 7 2 4 9 9 9 E 00 1 . 7 1 7 3 4 7 E 0 0
2 6 1 . 7 2  8 999E 00 1 . 7 5 7 1 4 4 E 0 0
27 1 . 7 4 2 9 9 9 E 0 0 1 . 7 3 6 8 5 OE 0 0 236
TABLE APPENDIX D- 6
Coefficients of Terms in Model Equation and Observed versus Predicted Values 
For the Modulus of Elasticity of Soil-Ceraent Containing Polymer Added in Powder Form
VARIABLE COEFFICIENT F -Ra t io RUN OBSERVATION PREDICTION1/P
1 / o - 4 . 4 0 f t ? 1 0  4 E - 0  2 8 .  7 2 1 5 C E - C 3 1 8 . OOOGGOE-01 8 . 2 7 1 0 3 1 F - 0 1I/C -  1 • 7 1 6 2  2 3 7 E- 0 2 ' 8 . 0 1 C 6 ft E -  0 ? 2 6 . 5 C G G 0 0 E- G1 5 . 7 2 1 7 4  7 ^ - 0 1s 6 .  0 5 < H 2 5 4 f - > 0 2 9 . 7 1 4 1  OF- 0 2 3 7 • 3  OCOOCF- 0 1 9 . 2  3 0 6  9 4 E - 0 IM**.5 3 . 4 5  3ft 5 0 6 E - 0 2 7 . C 7 3 O 7 E - 0 3 4 1 . 3 4 9 9 9 9 F  CC 1 . 4 9 8 6 1 3E 0 0V - 7 . 4 C 2 S 7 6 3 E - 0 2 2 . 9 9 7 C 2 E - C 1 5 1 . 0  0 9 9 9 9 F 0 0 9 . 7  2 2 8  3 4 E - 0 11/P*C 4 .  1 6 4 3  6QCF—0 4 2 . 7 2 5 1 1 E - G 3 6 8 . 9 4 9 9 9 7 E - 0 2 1 . 7 6  8 9 1 3E- C 1S/P 1 . 0 2 3 7 0 5 f tF-0  1 8 . 3 2 4 2 0 F  GO 7 4 . 8 O 9 9 9 9 F - 0 1 4 . 2 5 6 8 1 2 F - 0 1M**.5/P 3 . 8 4  20  02 9 E - 0 2 3 . 5 2 7 0 7 F - 0 2 3 5.9COOCOE—01 2 . 5  3 6 8 2 3 F - 0 1V/P_ f _ - 5 . 5 9ft7 3 0 4 r - 0  3 4 . 2 0 0 3 C F - C 2 9 1 . 4 4 0 0 G 0 F  0 0 1 . 2 3 7 3 7 2 F  COS/P 5 . 9 7 5 9 1 L 6 E - 0 4 2 . H 7 5 4 1 F - 0 2 10 9 . S 4 O 9 9 9 E - 0 1 7 . 3 7 2 5 7 2 F - 0 1M**.5/C 3 .  3 0 4 8 7 0 3 F - 0 3 4 . 4 2 3 5 2 F - 0 2 11 3 . 3 0 0 0 0 0 E - 0 1 3 . 3 1 9 8 5 7 F—01V/C 5 . 4  8 5 7 8 3 3 E - G 4 5 . 0 7  2 52 E CO 12 1 . 1 7 9 9 9 9 E  GO 1 . U 6 3 1 0 0 E  0 0S*m**.3 - 3 . 4 4 2 4 7 1 S F - 0 2 2 . 1 4 4 7 2 F - 0 1 13 2 . 6  0 C 0 0 0 E - 0 1 7 . 4 J 8 0 2 9 E - 0 1S*V -  5 .  30 34 3 B 8 F - 0  3 3 . 3 4 8 3 3 E - O i 14 5 . 1 OOOCOE-O1 5 . 1 2 1 2 6 3 F - 0 1M**.5*V 1 . 7 9 0 5  5 7 4 E - 0 2 1 . 6 3 1 5 8 F - 0 1 15 9 . 8  9 9 9 9 9 E - 0 1 6 . 5 6 8 9 5 6 E - 0  1
16 6 . 9 0 0 0 0 G E - 0 1 5 . 9 5 1 6  3 8E —0 1
17 3 . 3 0 0 0 0 G F —01 3 . 4  2 0 6 3 7 E - 0 1
CONSTANT MULTIPLE F 18 2 . 2 9 9 9 9 9F GO 2 . 2 5 2 1 1 2 F  0 0
7.1648443E-01 4 . 4 5 3 5 5 3 E  0 0 19 1 . 2 9 0 0 0 C E  GO 1 . 2 9 3 5 5 3 F  0 0
20 1 . L 9 9 9 9 9 E - 0 1 3 . 7 5 4 G 9 9 F - 0 1
21 5 . 5 9 9 9 9 9 E - 0 1 5 . 8 9 0 3 8 5 F - 0 1
22 2 . 7 0 0 0 0 G E - 0 1 2 . 9  1 4 0 8 7 E - 0 1
2 3 6 . 9 9 9 9 9 9 E - 0 2 2 . 8 2 9 3 5 0 E - 0 1
R-SQU4RE 2 4 3 . 5 C 0 0 0 C F - 0 1 5 . 74 5 2 0 8 E —C 1
0 . 8 5 8 6 1 8 2 5 6 . 7 9 9 9 9 9 E - 0 1 6 . 2  3 4 5 ? 1 F - 0 1
2 6 7 . 8 0 0 0 0 0 E - C 1 7 . 6 9 5 5 0 5 E - 0 1
2 7 3 • 5  OGOGCE—C1 2 . 7 5 8 5  7A-E-01 237
TABLE APPENDIX D-7
Coefficients of Terms in Model Equation and Observed versus Predicted Values
For the Modulus of Elasticity of Soil-Cement Containing Polymer Added in Solution Form
VARIABLE COEFFICIENT F -Ra t i o
1 /P - 7 . 9 9 8 3 5 9 2 E - 0 2 3 . 6 5 2 8 0 E - 02
1/C - 1 . 4 7 7 8 4 3 9 6 - 0 2 8 . 6 0 3 1 0 6 - 02
S — 4 . 6 6  6 4  90  9 E— 0 2 6 . 2 4  3 1 5 E - 0 2
M **.5 - 8 . 5 0 1 6 8 9 6 E - 0 1 4 . 6 6 6 9 8 E 0 0
V — 1 .  .82 09  L 7 I E - 01 2 . 3 1 6 4 3 E OC
1/P*C 1 . 9 3 5 5 8 9 6 F - C 3 8 . 6 4  4 2 8 E - 02
S/P 4 . 7 5 1 6 6 I 4 E - 0 2 2 .  84 i>4 lE CO
M **.5/P 6 , 8 8 9 8  9 1 6  E—G2 1 . 4 0 4 7 3 E - ■01
V/P - L . 6 1 9 6 3 3 3 6 - 0 2 5 . 0 0 6 4 5 E - ■01
S/ P 1 . 6 0 1 5 0 4 C E - C 4 3 . 0 C 6  4 3E—0 3
M **.5/C 4 . 4 2 5 4 0 2  7 E - 0 3 1 .  1 3 8 1 3 b - 01
V/C 2 . 2 0 5 9 5 8 0 E - 0 4 1 . 0 3 9 7 8 E 0 0
S*M**.3 1 . 0 5 0 4 4 0 2 6 —02 1 . 9 5 8 5 5 E - •02
S*V - 3 .  1 4 2 6  6 4 2 E - 0 4 2 . 2 8 2 0 5 E - •03
M**.5*V 7 . 9 7 6 0 8 4 9 F—0 2 3 . 7 4 8 8 4 E 0 0
CONSTANT iMULTIPLE F
2 . 4 4 7 8 8 5 5 6  0 0  1 . 9 4 4 2 7 6 E  0 0
r- s q u a r e .
0 . 7 2 6 1 2 4
RUN OBSERVATION PREDICTION
1 1 . 7 9 9 9 9 9 6 - 0 1 2 . 4 4 0 9 1 OE—0 1
2 4 . 2 0 0 0 0 0 6 - 0 1 4 . 1 5 7 2 0 9 6 - 0 1
3 7 . 6 0 0 0 0 0 6 - 0 1 5 . 6 3 6 9 4 0 E —0 1
4 6 . 1 9 9 9 9 9 6 - 0 1 9 . 1 3 6 2 2 9 E - 0 1
5 1 . 0 8 9 9 9 9 E  0 0 1 . 0 0 4  HOE CO
6 9 . 9 9 9 9 9 6 E —0 2 2 . 8 3 7 7 1 5 6 - 0 1
7 . 1 . 9 0 0 0 0 0 6 - 0 1 9 . 8 5 1 8 3  7E—0 2
8 4 • 1 0 0 G 0 0 E —01 3 . 5 4  3 9 3 0 E - 0 1
9 4 . 6  OOOOOE-O1 3 . 0 1  1 7 6  I E - 0 1
10 7 . OOOGOOE- 0 1 6 . 7 9 2 3 8 3 E - 0 1
11 3 . 6 0 0 0 0 G E —0 1 3 . 9 2 5 7 5 3 E - 0 1
12 1 . 0 0 0 0 0 0 E  CO 7 . 8 2 7 1 3 9 6 - 0 1
13 4 . 2 9 9 9 9 9 E - 0 1 4 . 3 0 3 7 8 0 F - 0 1
14 9 . 7  0 0 0 0 0 E - 0 1 9 . 6 6 4 3 0  7 E - 0 1
15 5 . OCCOGOF-O1 4 . 3 3 2 4 7 6 E - 0 1
16 5 . 5 0 0 0 0 0 E —01 3 . 0 0 9 0 5 2 E  —01
17 2 • OOQOOOE-O1 4 . 5 7 6 6  6 4 6 —0 1
18 1 . 0 0 0 0 0 0 E  00 1 . 0 1 3 6 3 8 6  0 0
19 4 . 5  OOOOOE-OI 4 . 6 5 6 1  7 2 E - 0 1
20 1 . 3 0 0 0 0 0 E - 0 1 3 . 3 6 1 7 7 8 C - 0 1
21 7 . 9 9 9 9 9 8 F  —C 2 3 . 3 1 4 9 9  IE —0 1
22 2 . 2 0 C 0 G 0 C - 0 1 1 . 8 2 6 1 2 4 F - 0 1
2 3 8 . 9 0 0 0 0 0 6 - 0 1 4 . 6 9 2 8 3 1 6  —D 1
24 2 . 3 0 C 0 0 C F - 0 I 3 . 2 5 0 2 4 6 6 - 0 1
2 5 4 . 6 0 0 0 0 C E - 0 1 4  . 4 0 3 2 5 7 6 - 0 1
26 1 . 0 0 0 0 0 0 6  0 0 1 . 0 2 6 3 0 9 G  0 0
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Coefficients of Terms in Model Equation and Observed versus Predicted Values
For the Percent Weight Gain During Curing of Soil-Cement Containing Polymer Added in Solution
/
VARIABLE COEFFICIENT
! / P  - 2 . 5  3 4 2 3 6 0 E 0 0
1/ c  6 . C 4 5 0 5 9 C E - 0 1
s  - 6 . 8 3 1 7  3 8 4 F - 01
M**.5 - 1 . 5 1 5 6 9 4 5 E  0 0
V 1 . 1 2 6 6 C 5 0 E  0 0
1/P*C - a .  3 1 2 0  J4 6 E - 0 2
S/P - 2 .  1 6 4 5  7 5 0 F - 0 1
M**.5/P 1 . 1 5 2 2 B 4 4 F  0 0
V/P 1.34  30 66  6 F - 0 2
S/P - 3 . 2 8 0 1 6 2 4 E - 0 2
M**.5/C -  1 . 6 2 02 4 0  3 F— 01
V/C 6 .  6 166  2 7 BE—0 4
S*M**.S 6 . 6  4 7 B 3 5 4 F - Q 1
S*V - 4 . 3 1 3 0 2 H 2 F - G 2
M**.5*V - 3 .  1 5 1 0  6 0 9 E - 0 1
CONSTANT 
2 . 1 1 2 8 3 9 7 E  0 0
R-SQUARE
0 . 5 0 0 9 6 1
F -Ra tio RUN
'3.613191-01 1
1. 4 1 8 31E 00 2
1.3134 3F-01 3
1 . 3 33OCE — Cl 4
3. 73686E — 01 5
1.5 7C69E CC 6
5.76637E-01 7
5.33185F-01 8
3. 392C7F — 03 9
1.242 7CE 00 10
1.513CSE 00 11
9 . 21704E-02 12














2 6  
2 7
OBSERVATION PREDICTION
3 . 5 « 9 9 9 9 H CC 3 . D 2 8 3 6 2 E 0 0
4 . 2 9  9 9 9 9 E CO 4 . 3 3 1 6 9 3 E 0 0
2 . 2  CCOOCE CO 2 . 3 3  i 6 5 2 E 0 0
3 . 0 9 9 4 9 9 F 00 1 . 9 1 2 3 0 5 E 0 0
3 . 2 0 0 0 0 0 E 0 0 3 . 6 2 9  452E 0 0
9 .  9 9 0 0 0 0 E 0 0 6 . 7 2 9 2 3 3 E 0 0
4 . 0 0 0 0 C 0 E 0 0 6 . 6 4 9 1 8 8 E 0 0
2 .7CC0U0E oc 4 . 0 8 7 8 2  IE 0 0
0 . 0 1 . 6  2B2 7 2 E 0 0
0 . 0 2 . 9 3  3 2 0 4 F 0 0
9 . 0 0 0 0 0 0 c - - 0 1 9 . 7 0 8 1 0 5 E - - 0 1
1 . 0  9 9 9 9 9 E CO 2 . 0  86 004E 0 0
5 . 7 9 9 9 9 9 E 0 0 2 »5 3 0 2 9 3 E 0 0
9 . 9 9 9 9 9 6 E •- 0 2 1 . 5  B3261F- - 0 1
1 . 0 0 0 0 0 0 E 0 0 2 . 7 4 8 8 7 3 E 00
6 . 4 0 0 0 0 0 E 00 3 . 8 9 1 9 8 4 E 0 0
2 . 8 7 9 9 9 9 E 0 0 3 . 0 4 7 3 3 6 F 0 0
2 . 7 7 0 0 C C E 00 2 . 7 1 6 8 9 3 E 0 0
4 . 0 0 0 0 0 0 E 0 0 3 . 9 4 1 7 3 1 E 0 0
4 . 2 5 0 0 0 0 E 00 4 . 7 7 6 1 2 1 E 0 0
6 . 7 9 9 9 9 9 E 0 0 4 . 0 0 9 1 40E 0 0
1 . 9 0 0 0 0 0 E 00 1 . 9 4 0 2 6 9 E 0 0
I . 2 9 9 9 9 9 E 0 0 3 . 5 1 6 8 2 6 E 0 0
4 . 5  9 9 9 9 9 E oc 3 . 3  8 9 4 3 9 E 0 0
3 . 7 0 0 0 0 0 E 00 4 . 5 5 2 9 3 2 E 0 0
1 . 7 9 9 9 9 9 E 0 0 1 . 0 4 7 0 2 0 E - - 0 1
0 . 0 3 . 4 0 5 6 1 9 E - 0 1
TABLE APPENDIX D- 10
Coefficients of Terms in Model Equation and Observed versus Predicted Values

















COEFFICIENT F -Ra t i o RUN OBSERVATION PREDICTION
- 3 . 5 5 1 2 4 1 8 E - 0 1 2 . 0 5 9 5 2 E - 0 1 1 1 . 7 9 9 9 9 9 E —01 2 . 2 1 5 0 9 9  E -0 2
1 . 4 4 0 0 5 5 3 E - 0 1 2* 0 5 2 6  IE 0 0 2 7 . 2 0 0 0 0 0 E - 0 1 7 . 6 3  / 5 6 8 E - 0 1
1 . 0 4 0 9 1 6 0 t - 0 1 1 . 0 5 8 3 0 E - 0 I 3 4 . 7 0 0 0 0 0 E —01 6 . 2 4 3 2 6 7 E - 0 1
3 . 5 8 7 1 9 4 7 E - 0 1 2 . 1 1 6 7 4 E - 0 1 4 2 . 8 0 0 0 0 0 E - 0 1 1 . 7  7 4 3 3 0 E —01
1 . 4 5 9 2 0 5 7 E - 0 1 4 . 2 3 3 4 1 E - 0 1 5 4 . 7 0 0 0 0 0 E - 0 1 5 . 6 3 1 6  39 E—01
- 1 . 5 8 R 3 9 1 d E - 0 2 1 . 4 4 1 2 8 E  0 0 6 1 . 5 7 0 0 0 0 E  0 0 9 .  6 7 5 9 0 3 E —01
—6 * 1 8 3 0 4 8 0 E - 02 1 . 1 0 3 9 3E 0 0 7 1 . 4 0 0 0 0 0 E  0 0 1 . 4 2 4 0 6 8 E  0 0
2 . 2 9 6 S 0 4 2 E - 0 1 4 . 5 8 2 3 9 E - 0 1 8 8 . 3 0 0 0 0 0 E - 0 1 9 . 1 0 1 7 8 2 E - 0 1
- 7 . 6 5 6 4 3 2 7 E - 0 3 2 . 8 5 7 6 5 E - 0 2 9 4 . 7 0 0 0 0 0 E - C I 4 . 3 8 4 5 3 7  E—0 L
- 7 . 1 7 3 9 2 1 9 E - 0 3 1 . 5 0 5 9 3 E  0 0 10 8 . 9 9 9 9 9 7 E —0 2 6 . 2 6 9 0 8 3 E - 0 1
- 3 . 9 1 8 5 4 0 9 E - 0 2 2 . 2 6 0 7 6 E  0 0 11 1 • 7 9 9 9 9 9 E —01 1 . 8 5 0 2  52 E—0 1
- 3 . 2 3 8 6 9 9 9 C - 0 4 6 . 4 2 7 3 6 E - 0 1 12 8 . 9 9 9 9 9 7 E - 0 2 - 3 . 1 4 2 4 5 2 E —0 2
4 . 6 5 8 7 5 3 4 E - 0 2 1 • 4 2 7 9 6 E —0 1 13 3 . 6 9 9 9 9 9 E - 0 1 3 . 6 9 6 8 8 0 E - 0 1
—8 . 3 3 1 8 L 2 9 E —03 3 . 0 0 4 2 6 E —01 14 4 . 0 0 0 0 0 0 E —01 4 . 2 6 9 5 6 2  £ —01
—2 • 8 9 1 8 0 4 3 E —0 2 1 . 5 4 7 0 9 E - 0 1 1 5 2 . QOOOOOE-O1 3 . 3 0  3 1 2 7 E —01
16 3 . 6 0 0 0 0 0 E - 0 1 9 . 7 9 9 0 7 0 E —01
CONSTANT MULTIPLE E 17 8 . 0 9 9 9 9 9 E—0 1 8 . 9 4 7 7 8 3 E —01
• 3 6 8 0 5 G 6 E  GC 1 . 4 1 1 8 9 IE 0 0 1 8 1 . 6 5 0 0 0 0 E  0 0 1 . 6 3 4 2 0 0 E 0 01 9 0 . 0 1 . 2 5 6 7 5 2  E—02
2 0 1 • 0 0 0 0 0 0 E  0 0 8 . 9 3 0 2 2 5 E —01
21 8 . 3 0 0 0 0 0 E —01 9 . 2 2  3 0 8 0 E —0 1
2 2 9 . 8 9 9 9 9 9 E —OL 9 . 9 2 9 4  0 9 E —01
R-SQUARE
A  / r“ ft i r (_•
2 3 0 . 0 5 . 2 1 5 5 4 9  E—01
2 4 2 • 0 2 0 0 0 0 E  0 0 1 . 1 6 2 9 5 3 E  0 0
0 . 6 5 8 1 5b 2 5 7 . 3 0 0 0 0 0 E - 0 1 9 . 4 1 9 4 3 ?  E—01
2 6 6 . 6 0 0 0 0 0 E —01 1 . 6 9 8 0 9 3 E - 0 1
2 7 1 . 0 9 9 9 9 9 E  0 0 9 . 4 0 2 1 6 1 E - 0 1
TABLE APPENDIX D-ll
Coefficients of Terms in Model Equation and Observed versus Predicted Values

















COEFFICIENT F -Ra tio RUN OBSERVATION PREDICTION
- 1 . R 1 1 2 C 5 9 R  OC 1 . 9 0 R 9 1 F 0 0 1 7 • 6 0 0 0 0 0 E - 0 1 5 . 8  2 8 3 8 1 1 - 0 I
9 .  36 4 2 6 1 9 E - 0  2 3 . 5 0 5 2 0 E - 01 2 1 . 0 4 0 u 0 O E  00 1 . 1 3 3 6 7 1 E  0 0
- 6 . 2 5 7 2 6 1 OE-Ol 1 . 1 4 3 9 7 E 0 0 3 4 . 8 9 9 9 9 9 E —C 1 9 . 4  2 2 8  9 4 E —0 I
- 1 . 4 0 5 2 S 1 6 E  CO 1 . 1 8 5 36 E 0 0 4 3 . 8 C 0 0 G C E - 0 1 4  . 9 4 9 1 ^ 1 E - 0 1
5 .  6 3  57 62 8 E - 0  1 2 . 2 6 1 3 6 E 0 0 5 4 . 7 0 0 0 0 0 E - 0 1 3 . 3 0 6 3 2 4 E - 0 1
-  1 .  34  72 2 5 2 E - 02 4 . 2 6 7 8 3 E - 01 6 3 . 9C000GE 00 2 . 3 1 3 5 3 0 E  0 0
- 1 . 2 9 7 8 3 0 9 E - 0 1 2 . 164C5E 0 0 7 1 . 4 G 0 0 0 0 E  0 0 1 . 6 7 7 3 9 9 F  0 0
7 . 5 1 6 4 2 4 7 F - 0 1 1 . 7C379E o c 8 5 . 9 0 0 0 0 0 5 - 0 1 1 . 1 5 0 2 1 7 E  0 0
4 . 4 9 8 5 2 0 1 E - 0 2 3 . 9 3 6 C 5 E - ■01 9 8 . 9 9 9  J 9 7 E - 0 2 1 . 3 5 1 7 8 6 E - 0 1
— 4 .  32  50  I 7 3E-  03 2 . 2 3 4 6 2 E - ■01 10 4 . 7 0 0 0 C 0 5 - 0 1 I . 2 7 5 1 1 2 E  0 0
- 2 . 5 3 9 1 C 2 0 F - 0 2 3 . 8 1 8 3 0 E - ■01 11 9 . 9 9 9 9 9  6F —02 7 . 2 5 4 0 2 8 E - 0 2
- 2 . 4 9 6 8 2 9 3 E - 0 4 l . 3 5 7 5 2 E - ■01 12 6 . 0 0 0 0 0 0 E - 0 1 4 . 8  8 0 0 2  8E—0 1
3 . 4 8 6 1 4 9 9 E - 0  1 2 . 1 9 8 8 6 F 00 13 9 . 0 0 0 0 0 0 5 - 0 1 8 . 0 6 2 7 1 6 E - 0 1
- 1 . 9 5 7 5 2 7 2 E - 0 2 9 . 0 2  3 4 1 E - ■01 14 9 . 9 9 9 9 9 6 F - 0 2 1 . 2 3 4 2 3 6 E - 0 1
- 1 . 6 6  67C3 8E—01 1 . 6 6 8 2 4 E 0 0 15 5 • 0 0 0 0 C C E - 0 1 1 . 0  7 1 6 6 7 E  CO
16 7 . 9 0 0 0 0 0 E - Q 1 8 . 0  8 0 7 Q 8 E —0 1
17 4 . 5 0 0 0 0 0 G - 0 1 5 . 9 4 8 4 1 C E - 0 1
CONSTANT MULT IPLE F 13 1 . 6 5 0 0 0 0 E  0 0 1 . 6 4 7 7 7 9 E  0 0
3 .  1 3 7 6  8 1 0 E  0 0 7 . 8 1 1 8 8 1 E - 0 1 19 5 . 4 0 C 0 0 C E - 0 1 5 . 8  3 3 5 7 8 F  —01
2 0 7 . 2 0 C 0 C 0 E - 0 1 1 . 3 4 0 9 0 5 E  0 0
21 1 . 0 0 0 0 0 0 E  0 0 8 . 9 4 3 3 1 7 E - 0 1
22 7 . 3  9 9 9 9 9 E - 0  1 4 . 6 3  5 6 9 6 E -01
R-SQUARE 2 3 4 . 8 9 9 9 9 9 E - 0  1 1 . 2  8 3 9 0 2 E  0 0
0 . 5 1 5 7 9 9 2 4 1 . 5 7C000E 0 0 3 . 7 0 1 9 4 4 E —0 1
25 8 . 4 G 0 9 C 0 E —01 7 .  5 9 3 6 3 2 E —0 1
2 6 1 . . 5 8 9 9 9 9 E  0 0 8 . 7 3 6 5 3 2 E - 0 1
2 7 5 . 9 0 0 0 0 C E - 0 1 4 . 9 1 7 7 8 4 E —0 1
APPENDIX E
X-RAY DIFFRACTION PATTERN 

































*Cu Ky radiation, powder sample
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